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ABSTRACT 
 
Perylene Diimide: A Versatile Building Block for Complex Molecular Architectures and a 




 Properties such as chemical robustness, potential for synthetic tunability, and superior 
electron-accepting character describe the chromophore perylene-3,4,9,10-tetracarboxylic diimide 
(PDI) and have enabled its penetration into organic photovoltaics. The ability to extend what is 
already a large aromatic core allows for synthesis of graphene ribbon PDI oligomers. 
Functionalization with polar and ionic groups leads to liquid crystalline phases or immense 
supramolecular architectures. Significantly, PDI dianions can survive in water for two months 
with no decomposition, an important property for charge storage materials. 
 We realized the potential of PDI as an efficient negative-side material for Redox Flow 
Batteries (RFBs). The synthetic tunability of PDI allowed for screening of several derivatives 
with side chains that enhanced solubility in polar solvents. The optimized molecule, 
PDI[TFSI]2, dissolved in acetonitrile up to 0.5 M. For the positive-side, we synthesized the 
ferrocene oil [Fc4] in high yield. The large hydrodynamic radii of PDI[TFSI]2 and [Fc4] 
preclude their ability to cross a size exclusion membrane, which is a cheap alternative to the 
typical RFB membranes. We show that this cellulose-based membrane can support high voltages 
in excess of 3 V and extreme temperatures (−20 to 110 °C). We assembled a cell with 0.4 M 
electron concentration with negligible capacity loss for over 450 cycles (>74 days). Such 
concentration and stability are among the highest values reported in redox flow batteries with 
organic electrolytes. 
 Oxidative photocyclizations of PDI onto acenes administer regiochemistry that favors 
helical products, albeit with a small number of overlapping π-bonded atoms. We achieved an 
oxidative photocyclization of PDI onto phenanthrene to form the [7]helicenes PPDHa and 
PPDHb with 20 overlapping π-bonded atoms, as well as a partially planar molecule 5HPP. 
Higher temperature increases the ratio of PPDHa:5HPP. Calculations reveal that these 
molecules contain ~20 kcal/mol more strain than planar analogs, and single crystals show 
bending of the PDI units from their favored planarity. The PPDH molecules display a new 
electronic transition in their UV-Vis spectra that sets them apart from monomer PDI and other 
PDI helicenes. Spectroelectrochemical measurements confirm that PPDHb accepts four 
electrons. Compared to a naphthyl-fused PDI helicene with only 10 overlapping π-bonded atoms, 
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1   General Introduction to Perylene Diimide 
1.1   Functionalization of Perylene Diimide 
 The colorful compounds known as perylene-3,4:9,10-bis(dicarboximide) (PDIs) 
experienced an eventful series of transformations over the past 100 years. They began as 
industrial pigments, originally discovered in 1913, and are still being used to color automotive 
paints and plastics.
1
 These pigments (Figure 1.1a) contain small R groups on nitrogen such as 
methyl or phenyl and pack tightly, which renders them insoluble. PDIs became dyes once 
solubilizing chains
2
 were incorporated instead and their properties of high fluorescence, stability, 





Figure 1.1  (a) Basic PDI building block showing numbering of the positions. (b) Selected 




Various hydrophobic solubilizing groups at the imide nitrogen allow PDI to be solution-
processed for use in organic field effect transistors and solar cells.
9–11
 The four imides imbue 
electron-accepting character to the perylene core; hence, it is an n-type material. In fact, PDI is 
one of the few electron-transporting materials that exist besides fullerene. Solar cells with certain 
PDI molecules recently reached the performance of fullerenes.
12
 On the other hand, substitution 





 Ionic groups appended to the imide nitrogen, such as quaternary 
ammonium salts, lead to various liquid crystalline phases.
7
 Polyglycerol dendrons at the imide 
nitrogen were studied to determine the amount of hydrophilic shielding needed to suppress 
aggregation in water.
8
 Aggregation can also be minimized by chemically reducing PDI, thus 
increasing the amount of negative charge for improved solubility.
15
 PDI reduced in water shows 
another impressive property of this chromophore: dianionic stability. Due to delocalization of the 
negative charges over a large aromatic surface, a PDI dianion remained unchanged in 
deoxygenated water for two months.
16
 This literature precedent, among others,
17,18
 and our own 
experience, led us to devise a role for PDI in an application that requires high calendar stability 
of charged species: batteries. 
 Charge storage devices such as batteries need to have stability on the order of years, 
especially for grid scale energy storage.
19
 Batteries also need to be charged and discharged 
hundreds of times, preferably with no decomposition that leads to a loss of capacity. PDI has 
well-defined, fully reversible reduction events. We used PDI as an ideal negative side electrolyte 
because of its chemical inertness as a dianion and the ease of functionalization at the imide 
nitrogen, which allows for synthesis of PDIs highly soluble in polar solvents. 
 PDI functionalization is also possible in the bay areas (positions 1, 6, 7, and 12). This can 
be used to make coronenes,
20
 PDIs with twisted cores,
21
 and conjugated nanoribbons.
22–24
 The 
latter encompass oligomeric PDIs, which demonstrate better performance in organic 
photovoltaics than monomer PDIs. Many conjugated PDI dimers and oligomers can only be 
accessed by oxidative photocyclization.  The PDI units of a fused tetramer bend back to avoid 
collisions of the ortho protons (Figure 1.2a), resulting in helicity around an axis passing through 





 The new dimer possesses helicity like the tetramer, but it winds 
around an axis that does not intersect the molecule, making it a helicene. 
 We sought to expand the library of PDI helicenes by cyclizing PDI onto phenanthrene. 
This allowed us to study the properties arising from atomic orbital overlap of the PDI faces. 
Furthermore, the photocyclization displayed interesting regiochemistry that we could tune by 
changing the temperature.       
 
Figure 1.2  (a) PDI tetramer top and side view
22
 (which shows helicity and has C11H23 groups 
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2   A Non-aqueous Redox Flow Battery with High Coulombic 
Efficiency and Stable Cycling 
 
Parts of this chapter have been reproduced with modifications from: Milton, M.; Cheng, Q.; 
Yang, Y.; Nuckolls, C.; Hernández Sánchez, R.; Sisto, T. J. Molecular Materials for Nonaqueous 
Flow Batteries with a High Coulombic Efficiency and Stable Cycling. Nano Lett. 2017, 17 (12), 
7859. 
2.1   Introduction to Redox Flow Batteries 
 Many industrial and academic groups focus on optimizing the performance of solar cells 
using organic (such as PDI) and inorganic materials. Engineers design stronger and larger wind 
turbines every year. Overall, the generation of solar, wind, and other renewable energy sources is 
expected to increase 139% by 2050.
1
 Nevertheless, this progress will be curtailed without the 
concomitant development of reliable and robust energy storage systems. Energy sources like 
wind and solar demonstrate inherent intermittency.
2
 The amount of wind varies from day to day 
in a random manner. Sunlight varies periodically. During times of more production than demand, 
the excess energy has to be fed back into the grid. This may not always be possible with an aged 
grid so an energy storage system is necessary.
3
 Currently, hydroelectricity comprises most of the 
energy storage in the United States.
4
 Though useful, reservoir location limits the versatility of 
pumped hydro. The most versatile storage system with respect to shape, maneuverability, 
capacity, and power is a battery. 
 Homes and commercial buildings require a safe, long-lasting, and inexpensive battery. 
Home-sized lithium ion batteries pose a fire risk and the global supply of lithium is limited.
5
 
Furthermore, lithium ion batteries are not systems where power and capacity are decoupled. For 
a truly versatile system, the electrode (which determines the power output) and the volume of the 
6 
 
battery (which determines the capacity) need to be decoupled. This sort of device can only be 
achieved with liquid electrolytes and is called a redox flow battery (RFB).
6–10
 
 Figure 2.1 shows the components of an RFB. The anolyte or negative side electrolyte (N) 
undergoes reduction during charging. The catholyte or positive side electrolyte (P) undergoes 
oxidation during charging. These compounds flow into the electrode compartment with the help 
of pumps, where they exchange electrons with the electrode. The electrode compartment also 
contains a semi-permeable membrane to prevent crossover of the anolyte and catholyte. The 
flowing of electrolyte to and from the reservoirs allows for heat dissipation, unlike a solid state 
battery. With all components dissolved, the electrode should not suffer from deposition processes 
like lithium ion batteries, making the RFB longer lasting. The engineering of the RFB is 
conceptually sound; the behavior of the electrolytes determines its realization. 
 
Figure 2.1  Schematic of a redox flow battery with generic anolyte and catholyte. 
 Many measurements may be taken of a battery’s storage capability and efficiency. A 
battery’s capacity describes the amount of charge transferred by a current in an hour, measured 
in ampere-hours (Ah). This correlates with amount of redox-active material. The capacity of an 
7 
 
RFB can be scaled independently of the electrode/power and a large tank will have a higher 
capacity than a small tank, provided they contain the same concentration of electrolyte. The 
capacity retention of a battery determines its useful life. Capacity retention has to be surprisingly 
high for a battery to last even one year; it has to be good to the third decimal place! For example, 
a battery with a 95% capacity retention per cycle will lose 40% of its original capacity after 10 
cycles, and 95.5% after 100 cycles. On the other hand, the capacity of a battery with a 99.995% 
capacity retention barely diminishes after 100 cycles and could last ten years. Unlike regular 
chemical reactions, which happen once to provide a yield, redox reactions in batteries occur over 
and over. The effects of decomposition are cumulative and even small amounts of side reactions 
have a large effect on battery lifetime.  
 
Figure 2.2  The effect of percent capacity retention on battery lifetime. 
Capacity multiplied by voltage describes the energy density, another important battery 
measurement. A higher open circuit voltage (OCV, potential difference between the anolyte and 
catholyte) yields a higher energy density. Coulombic efficiency describes the efficiency of a 
single charge/discharge cycle and equals discharge capacity divided by the charge capacity. 
8 
 
Coulombic efficiency measures how much of the charge delivered is returned per cycle. 
Decomposition and crossover lower the Coulombic efficiency. Energy density, capacity 
retention, and Coulombic efficiency are among the simplest measurements necessary for 
understanding how RFBs have evolved and improved over time.  
NASA pioneered RFB construction in the mid-1970s, starting with an Fe/Cr system.
11
 
The Skyllas-Kazacos group developed the most popular metal system in the 1980s; the vanadium 
RFB.
12
 Despite having the same element on both sides of the membrane (to minimize crossover), 
the system is very complex.
13







  V2+). However, the interaction of certain vanadium complexes at high 
concentration with solvent leads to precipitation. Much work has been done to improve the 
solubility and stability of this system, such that it has even been commercialized. On the other 
hand, organic compounds offer far more tunability than metals and their source does not depend 
on global ore reserves. 
 The earliest RFBs, such as the vanadium RFB, utilized water as solvent. Water has the 
benefit of high conductivity and low cost. The Aziz group exploits aqueous RFBs with organic 
electrolytes for their versatility. One of their earliest systems used an anthraquinone derivative 
and the HBr/Br2 couple for the anolyte and catholyte, respectively.
14
 Since bromine is toxic and 
undesirable in a home they replaced bromine with iron ferricyanide (Figure 2.3a).
15
 This system 
performed for 100 charge and discharges cycles with an OCV of 1.2 V. Batteries need to have as 
little fade in capacity over time as possible. Capacity fade commonly results from degradation of 
electrolytes, which is the most difficult problem to solve. The anthraquinone/iron ferricyanide 
lost 0.01% capacity every cycle. Luckily, it was leakage of the tubing; an engineering problem. 
Later the Aziz group developed an aqueous organic battery based on derivatives of ferrocene and 
9 
 
viologen in neutral water (Figure 2.3b).
16
 The Aziz group modified a previous version of the 
viologen
17
 with alkylammonium chains, which suppress bimolecular decomposition by 
electrostatic repulsion. Furthermore, they minimized crossover by separating the positive and 
negative sides with an anion-conducting membrane that also repels the positively-charged 
molecules. At the time, this system had the lowest capacity fade of any RFB, 0.0011% /cycle, 
extrapolated to 11.3% per year. 
 
Figure 2.3  (a) The redox reaction of an anthraquinone derivative and iron ferricyanide.
15
 (b) 




The field of aqueous organic RFBs is very well-developed by now. Water, however, does 
not cover a wide potential window (~1.5 V). Organic solvents, which are deployed in lithium-ion 
batteries, have potential windows greater than 4 V. A battery with organic compounds in organic 
solvent would have the high energy density of lithium ion batteries and the versatility of RFBs.
18
 
The drawbacks include moisture sensitivity, lower ionic conductivity, and pronounced 
electrolyte decomposition. The latter is the most important factor. Unstable molecules lead to 
unviable batteries. All other parameters may be optimized with engineering.  





 and benzene ethers.
21
 The benzene ether called DBBB (2,5-Di-tert-
10 
 
butyl-1,4-bis(2-methoxyethoxy)benzene) was originally developed as an overcharge protector 
for lithium ion batteries,
22
 which made it seem like a good choice for RFBs. In a study by the 
Brushett group,
21
 the authors sought to strip DBBB of its ethylene glycol and tert-butyl groups in 
order to reduce its molecular weight (Figure 2.4a). Lower molecular weights usually afford 
higher solubility and thus higher volumetric capacity. In this experiment, the three benzene 
ethers were cycled against lithium (bulk electrolysis) which is a way of testing just a catholyte or 
anolyte if the other cell compound is not available. All three benzene ethers decomposed. 
23DDB, with the most exposed benzene ring, was 50% decomposed after only 15 cycles whereas 
DBBB was 50% decomposed after 75 cycles. The strategy of decreasing steric bulk to improve 
capacity did not succeed and demonstrated an important design criterion for non-aqueous RFB 
molecules; stability may be achieved with protected core.  
Despite this finding about DBBB, the similar molecule DBMMB has continued to find 





 in different studies (Figure 2.4b). Both studies showed low capacity fade at 
high concentrations (0.1-0.5 M) for at least 100 cycles. Careful parsing of the SI, however, 
reveals that each cycle lasted only ~7 min. Such short cycles can be achieved with large 
electrode area in a flow cell, and high current density. This example of good engineering masks 
the instability of the compounds. The authors tested the radical anion of the benzothiadiazole for 
stability by EPR and found it to have a half-life of 35 h. With cycles shorter than the half-life and 




Figure 2.4  (a) Benzene ethers that were tested for cycling stability.
21
 (b) Negative side 




The Sanford group set out to obtain stable molecules with a pyridinium-based anolyte.
25
 
The parent compound py1 (Figure 2.5a) experiences 20% capacity fade after 75 cycles. With the 
aid of calculations, the Sanford group modified the molecule with a few more methyl groups to 
protect its core (py17, Figure 2.5b). They observed no loss in capacity over 200 cycles in a half-
cell. Furthermore, they were able to access the second reduction event with large stabilizing 
cations and thus doubled the energy density of the same molecule.
26
 Small modifications of the 
solvent or salt are often critical factors for good battery performance. The Sanford group also 
investigated tris(amino) cyclopropenium
27
 molecules (Figure 2.5c) for the positive side, though 
they have not combined these catholytes with py17 in a full battery so far. The Sanford group 
demonstrated that molecules with isopropyl groups have the most stable cycling because the core 
is protected and there are no reactive hydrogens α to nitrogen. They hypothesized that phenyl-
substituted cyclopropeniums have positive charge delocalized onto the phenyl rings, which can 
react with other molecules. The Sanford group supplemented galvanostatic cycling studies with 
experiments where they obtained decomposition rates by NMR or isolated the charged species. 




Figure 2.5  (a) Original pyridinium tested by the Sanford group.
25
 (b) Modified pyridinium 
showing charge states.
26




When building a battery, the choice of molecule determines its lifespan. Even with a 
stable molecular scaffold in hand, a practical battery requires further trial and error. The 
molecule has to be very soluble (at least 0.5 M electron to start) in polar solvents in all its charge 
states. Then the issues of electrolyte formulation (salt, solvent) and engineering (battery 
container, electrodes) need to be addressed. However, the most important structural feature of an 
RFB is the membrane. 
 
2.2   The Membrane 
 Batteries store charge because redox-active substances that would react spontaneously are 
physically separated by a membrane. Thus, their electrons have to travel through a load and do 
work before being exchanged between the molecules. The membrane has to be impermeable to 
the redox-active substances but permeable to the salt that balances charge.
28–30
 Membranes fall 
into two main types: ion exchange or size exclusion. Ion exchange membranes have been used 
for most aqueous RFBs, despite their higher cost. For ion exchange membranes, the redox-active 
molecules should be the opposite charge from the ion being exchanged to minimize crossover. 
For example, the anthraquinone and iron ferricyanide
14
 maintain a negative charge in all their 
accessed charge states, so they are repelled from the proton exchange membrane. 
13 
 
 In non-aqueous systems, ions besides protons must be accommodated. Finding a 
compatible membrane poses a challenge and sometimes it is easier to avoid membranes 
altogether. Some of the Sanford group’s half-cell cycling experiments simply used a glass frit as 
a separator.
25,27
 Conduction through a thin glass frit is fast and many cycles can be completed on 
the timescale of hours before crossover becomes appreciable.  
 Non-aqueous RFBs commonly employ size-exclusion membranes. While less common 
among aqueous RFBs, a prominent RFB example from the Shubert group applied a cellulose-
based size exclusion membrane in a battery that consisted of water-soluble polymers (Figure 
2.6).
31
 This membrane costs about 0.02 $/cm
2
 compared to 0.35 $/cm
2
 for Nafion (a brand of 
ion-exchange membrane). The large redox-active polymers P1 and P2 used by the Schubert 
group do not pass through the pores of the cellulose membrane while the supporting electrolyte, 
NaCl, is free to move back and forth. The authors detected no crossover of P1 and negligible 
crossover of P2 after 10,000 cycles of an unpumped cell. They also utilized this membrane in a 
non-aqueous RFB with polymers,
32





Figure 2.6  Schematic of size exclusion membrane used in an aqueous RFB with polymers. P1 is 




Microporous Daramic or Celgard brands comprise another class of size-exclusion 
membranes made of polyethylene, which renders them non-reactive. The previously-mentioned 
systems with DBMMB utilized Daramic. However, with such large pores and no charge on the 
membrane, crossover is unavoidable. Mixing equal amounts of anolyte and catholyte on both 
sides minimizes the crossover, but this procedure halves the capacity. Clearly, a cheap membrane 
is needed for non-aqueous RFBs that can prevent crossover of small molecules. We decided to 
test the cellulose membrane used by the Schubert group because the company sells many sizes, 
termed molecular weight cutoff, MWCO (the company provides 1 kD-50 kD membranes; the 
Schubert group used 6-8 kD
31






2.3   Results and Discussion 
2.3.1   Benzene Scaffold Derivatives 
 Most of the PDI molecules made in the Nuckolls group have “swallowtail” CH(C5H11)2 
chains at the imide nitrogen.
33
 This chain confers solubility in dichloromethane, tetrahydrofuran 
(THF), and benzene to monomer PDI, but not solubility in methanol, acetonitrile (MeCN), 
hexanes, or dimethylsulfoxide. In the early stages of the battery project, we decided to improve 
the solubility of PDI by attaching several units to a benzene scaffold (TPB). This should be an 
irregular molecule that cannot pack well. Furthermore, no literature examples of RFBs employ 
molecules (besides polymers) that can accept more than two electrons. We prepared TPB in one 
step from bromo-PDI by a published procedure (Figure 2.7).
34




   
Figure 2.7  (a) Synthesis of TPB. (b) Dialysis experiment with TPB in a 1 kD MWCO cellulose 
membrane in THF after 24 h. 
 
 We tested TPB for crossover with a cellulose membrane rated for 1 kD. The molecular 
weight of TPB is 2168.91 g/mol. We dissolved ~5 mg in THF, placed it in the dialysis bag, and 
suspended the bag in a vial in THF. There was no crossover after 24 h. Surprisingly, dialysis 
bags rated for 2, 3.5, 8, 15, 25, and even 50 kD also showed no crossover. It appears that TPB 
16 
 
encompasses quite a large hydrodynamic radius. Furthermore, the membrane is probably 
calibrated with polystyrene, which means the MWCO is unreliable for very different materials. 
However, we did not expect the large MWCO membranes to prevent crossover under pressure in 
a flow system, so we used 3.5 kD membranes for most of our experiments.  
 With TPB as a negative side material, we decided to use the well-studied, historically 
stable ferrocene motif for the positive side.
36,37
 At first, we tried to make the benzene scaffold 
ferrocene analog of TPB. Many reactions of unsubstituted ferrocene are low-yielding because 
there is no handle to enforce regioselectivity. We prepared the ferrocene pinacol borane 
FcBpin
38
 on a gram scale but in low yield by nucleophilic substitution (Scheme 2.1). Next we 
attempted to couple FcBpin to a benzene scaffold under Suzuki conditions. No product was 
formed. Taking a step back, we coupled FcBpin to bromobiphenyl,
39
 but in only 49% yield. This 
explained the lack of success of the triple Suzuki. If a mono-coupling is 49%, the tri-coupling 
will be ~12%, all things being equal. We attempted to increase the yield of the mono-coupling, 
using different catalyst, bases, and solvents (Table 2.1). Under all these conditions, FcBpin 
could be recovered after the reactions. We achieved a maximum yield of 76% using NaOH, 
suggesting that a stronger base may accomplish addition to an unusually stable organoborane. 
























Pd(PPh3)4   CsCO3 THF 57 0 
Pd(OAc)2 Sphos CsCO3 THF 57 0 
Pd(dppf)Cl2   CsCO3 Toluene 93 19 
Pd(dppf)Cl2   K3PO4 1,4-dioxane 93 50 
Pd(dppf)Cl2   CsCO3 1,4-dioxane 93 69 
Pd(dppf)Cl2   NaOH DME 75 76 
Pd(dppf)Cl2   CsCO3 DMF 142 28 
Pd(dppf)Cl2   CsCO3 DMF 142 8 
Pd(PPh3)4   CsCO3 DMF 142 21 
Pd(OAc)2 Sphos CsCO3 DMF 142 15 
Table 2.1  Conditions and yields of Suzuki cross-coupling to make FcBiphen. DME: 1,2-
dimethoxyethane, DMF: N,N-dimethylformamide, S-phos: 2-Dicyclohexylphosphino-2′,6′-
dimethoxybiphenyl. 
 
 Ferrocene undergoes the same aromatic substitution reactions as benzene so we 
performed a Sandmeyer reaction to make the iodobenzene derivative FcPhI (Scheme 2.2).
40
 This 
molecule demonstrated greater reactivity in Suzuki cross-couplings than FcBpin and an 
unoptimized yield gave us the desired FTB in 38% yield. FTB also did not cross the 3.5 kD 
dialysis membrane but unfortunately, it had low solubility even in chloroform. We needed to 




Scheme 2.2  Synthesis of FTB. 
 
2.3.2   Ferrocene Derivatives as Oils 
 The ultimate in solubility is to make an oil. We still wanted to put several ferrocene 
molecules onto a scaffold to increase the number of redox events per molecule, so we focused on 
pentaerythritol, a very cheap starting material with literature reports of its tetraalkylation.
41
 The 
alkyl part in our case contains the ferrocene moiety. We synthesized it starting from a Friedel 
Crafts reaction of ferrocene that gave FcCOBr quantitatively. The redox active carbonyl needed 
to be reduced to the alkane FcBr.
42
 Deprotonation of pentaerythritol with NaH, followed by 
alkylation with FcBr, gave the final product [Fc4] in good yield. Some alkene resulting from E2 
elimination was also observed. [Fc4] is a thick yellow oil soluble up to 2M in diethylene glycol 
dimethyl ether (diglyme) but insoluble in MeCN or propylene carbonate (PC). 
Scheme 2.3  Synthesis of [Fc4]. 
 
 We also synthesized a ferrocene derivative with tetra(ethylene glycol) (TEG) chains. A 





 This time, the ferrocene compound was deprotonated with NaH 
and quenched with the electrophilic TEG tosylate. FcTEG is an oil and it is soluble in polar 
solvents like MeCN or PC. However, our initial efforts were focused on [Fc4] because the early 
experiments utilized THF as solvent. 
Scheme 2.4  Synthesis of FcTEG. 
 
 
2.3.3   Initial Battery Experiments 
 Figure 2.8 shows the cyclic voltammogram (CV) of TPB and [Fc4] in THF. TPB was 
referenced to ferrocene and [Fc4] was referenced to TPB because [Fc4] overlaps with ferrocene. 
[Fc4] has a slightly lower potential than ferrocene because of electron donating alkyl groups. 
The open circuit voltage between the two measures 1.25 V. While this underutilizes the potential 
window of organic solvents, it avoids the moisture sensitivity and membrane compatibility issues 
of high voltage and allows for proof-of-concept experiments about stable cycling of organic 




Figure 2.8  Cyclic voltammogram of TPB and [Fc4] in THF. 
 We decided to perform all battery charging experiments in the glovebox, even though the 
OCV is within the decomposition limits for water. Otherwise, the oxygen-sensitive PDI anion 
solutions would need to be sparged and maintained under nitrogen in the fume hood. We 
purchased glass H-cells, which allow for quick testing with small volumes. At first, we simply 
wanted to prove that our compounds and tools had the capability of performing basic battery 
functions: charge and discharge. 
 Compounds, glassware, and solvents can all be easily brought into a glovebox. The 
membrane, on the other hand, is sold in sheets prepared with glycerin. It has to be soaked in 
water before use. We tried bringing dry membrane into the glove box and soaking it in solvent 
inside, but this led to values of infinite resistance across the membrane. Instead, we did soak the 
membrane in water, rinsed it with acetone, and added it to a vial of dry THF. Sparging with 
argon for an hour preceded transfer of the vial into the glove box. Manipulation of the membrane 
required great care. Soaking in THF made it fragile and it sometimes split down the middle. 
 Table 2.2 shows most of the initial H-cell experiments we performed. The number of 
electrons each molecule can accept determined the stoichiometry of 1:1.5 TPB: [Fc4], usually in 
THF. TPB is only slightly soluble in diglyme in its neutral form. We charged the batteries under 
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constant potential of -2 V. TPB and [Fc4] undergo marked color changes when they accept/give 
up electrons, so color changes indicated the progress of the redox reaction. 
The presence of color change during Experiment 1 was the only sign that we were on the 
right track. Early experiments focused on modification of the electrodes. RFBs typically utilize 
carbon felt or carbon paper for electrodes.
44
 We frequently used platinum wires to eliminate any 
variables of the electrodes, such as carbon felt surface groups. In Experiment 2, a color change 
was observed only after the Pt wires were added, suggesting inactive carbon felt. Experiments 3-
5 tested whether or not heating the felt in a chemical vapor deposition (CVD) oven introduces 
surface groups that aid in electron transfer from the molecules.
45
 We hypothesized that heating 
the electrodes would make them more active, only these experiments (3-5) demonstrated no 
charge capacity. Except for three experiments (8, 9, and 12), the batteries did not charge 
appreciably. The two experiments 8 and 9 were not at the end of a sequence of optimizations; 
there were cells that failed to charge later. A real battery should be able to charge in a few hours, 
but the µA currents we observed predicted days or weeks to charge. Using membranes with a 
higher MWCO did not increase the current. 
# Electrodes Solvent 
Membrane 







Pt wire with 
carbon felt at ends 





(0.5x0.5x5 cm) Diglyme 6 - 8 Negligible 4 4.8 
Added Pt wires 




(0.5x0.5x5 cm) Diglyme 6 - 8 None 2.5 0.9 
Electrode heated 
to 400⁰C in CVD 
oven 197 h. 
4 
Carbon felt 
(0.5x0.5x5 cm) THF 15 None 0.5 0.8 
Electrode heated 
to 300⁰C in CVD 





(0.5x0.5x5 cm) THF 15 None 0.5 1.1 
Electrode heated 
to 400⁰C in CVD 
oven 19 h. 
6 
0.12 mm dia Pt 
wrapped around 
0.25 mm dia Pt THF 15 None 0.3 1.1   
7 
0.25 mm dia Pt 
wire THF 15 None 48 0.5 Outside glove box 
8 
0.25 mm dia Pt 
wire THF 6 - 8 56 19 10   
9 
0.25 mm dia Pt 
wire THF 6 - 8 67 12 10  Discharged 
10 
0.25 mm dia Pt 




0.25 mm dia Pt 
wire THF 6 - 8 None 12 0.04   
12 
0.25 mm dia Pt 
wire THF 6 - 8 83 65 2.5 Discharged 
Table 2.2  Early battery experiments conducted in an H-cell in the glove box unless otherwise 
noted. All experiments were charged at -2 V constant potential. Membranes were soaked in 
water and brought into the box in dry solvent prior to use. All experiments used TBAPF6 as the 
supporting electrolyte. All experiments were ~0.3 mM in [Fc4] and ~0.2 mM in TPB. 
 
Our inability to repeat experiments suggested something different in every setup that we 
were not taking into account. Since we used very small amounts of compound (~1.5 µmol) and 
much larger amounts (0.5 mmol) of supporting electrolyte, we reckoned it could be an impurity 
in the salt. Even a trace amount would be on the same scale as the redox active compounds and 
could inhibit the charging. We made sure to use the same batch of TBAPF6 for Experiment 12 as 
for Experiments 8 and 9. This test cell did charge and reached 85% capacity over nearly three 
days, which approaches five of the six electrons that TPB can accept. The current dropped to 
negligible values after that. Possibly, TPB pentaanion started to precipitate. Up to that point we 
had not attemped to discharge a battery, which we did for Experiment 12 by changing the 
potential to +0.7 V. The molecules returned to their original colors and showed no 
decomposition by TLC. However, we reached the conclusion that TPB is unsuitable for RFB 
applications. Its lack of solubility in polar solvents, which have high conductivity, is prohibitive. 
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Although the issue of the low current still required a solution, we decided to synthesize new PDI 
molecules soluble in polar solvents. 
 
Figure 2.9  (a) Cell of Experiment 9 before charging. (b) Experiment 9 after charging 12 h. TPB 
is on the left side and [Fc4] is on the right side. The membrane is clamped between Teflon 
gaskets. (c) Charge and discharge for Experiment 12. The vertical dashes in the current trace at 
~25, 38, and 50 h are artifacts from stopping and restarting the potentiostat. The % discharge is 
inaccurate because the current saturated between 65-75 h. 
 
2.3.4  Polar-Soluble Anolytes 
 N-functionalization of PDI is a useful strategy for changing the molecule’s solubility. We 
decided to attach quaternary ammonium groups to PDI monomer to improve its solubility in 
polar solvents (Scheme 2.5).
46,47
 We performed an imidization of PTCDA with a diamine
48
 
followed by an Sn2 reaction with two different TEG electrophiles
49
 whose leaving group 
becomes the counterion; tosylate or iodide. [PDI][Ts]2 remained unchanged while the iodide 









positive voltages with respect to PDI.  Iodide can be expected to diffuse across the membrane 
and react on the positive side, so we had to exchange it with chloride by salt metathesis. We 
executed one final salt metathesis on the chloride [PDI][Cl]2 to obtain [PDI][TFSI]2, because 
24 
 
trifluoromethanesulfonyl imide (TFSI) anions prevent molecules from packing for higher 
solubility. 
Scheme 2.5  Synthesis of [PDI][Ts]2 and [PDI][TFSI]2. 
 
 
 The TEG functionality imparts the solid PDIs with solubility in MeCN, PC, methanol and 
dichloromethane, with [PDI][Ts]2 even being able to dissolve in water. Both TEG PDIs do not 
dissolve in EtOAc (ethyl acetate), toluene, isopropyl alcohol, and acetone. Even though they bear 
TEG chains, they uphold only slight solubility in diglyme. [PDI][TFSI]2 has >0.5 M solubility 
in MeCN ( >1 M electron). With regards to redox chemistry, the tosylate anion does not have a 
redox event in the accessible voltage window and the cyclic voltammogram of [PDI][Ts]2 shows 
full reversibility (Figure 2.10a). To obtain the OCV between [PDI][TFSI]2 and [Fc4], we 
measured the cyclic voltammogram of a mixture of the two molecules (Figure 2.10b). The OCV 





Figure 2.10  (a) Cyclic voltammogram of [PDI][Ts]2 in PC at a scan rate of 0.05 mV/s. (b) 
Cyclic voltammogram of a mixture of [PDI][TFSI]2 and [Fc4] in 4:1 MeCN:THF at a scan rate 
of 0.05 mV/s. The solvent mixture was chosen because [PDI][TFSI]2 is not soluble in THF 
alone and [Fc4] is not soluble in MeCN. 
 
2.3.5  Battery Experiments with Polar Soluble PDIs  
 An ambitious H-cell experiment coupled [PDI][Ts]2 with FcTEG. It was ambitious 
because, for the first time, we attempted a high concentration cell (Figure 2.11, Experiment 13). 
The current started at a value at least two orders of magnitude greater than previous experiments 
with TPB in THF, most likely due to the polar solvent and high concentration. However, the 
current experienced a steady decline and the battery was nowhere near to being fully charged by 
the time the current became negligible. Switching to discharge did not significantly increase the 
current. When we disassembled the cell, the side with FcTEG contained a dark green solid. 
FcTEG had polymerized. The secondary alcohol is not stable to redox chemistry.
51
 Hence, 




Figure 2.11  Experiment 13. Charge capacity and current as a function of time for the H-cell 
with 0.1 M [PDI][Ts]2 and 0.2 M FcTEG. The solvent was PC, the supporting electrolyte was 
0.1 M LiPF6, and the membrane had a MWCO of 6-8 kD. The electrodes were 50 cm platinum 
coils. The battery was charged at -2V and discharged at 0 V. 
 
 Since FcTEG cannot be used in a battery, we set up an experiment with [PDI][Ts]2 and 
[Fc4] (Figure 2.12a, Experiment 14). By this point, we ameliorated the low current. The 
membrane develops high resistance if it dries out, which happens after rinsing with acetone. We 
developed a method for bringing the membrane into the glove box by transferring it from water 
to vials of dry PC with sieves. This allowed us to achieve at least a 1C rate (the current required 
to charge a battery in one hour) and multiple cycles in a day. All the previous experiments had 
been run under a constant potential (chronoamperometry). From now on we used conditions of 
constant current (chronopotentiometry) with voltage cutoffs that signal the galvanostat to switch 
from charge to discharge. [PDI][Ts]2 and [Fc4] showed promising battery performance with this 
new membrane preparation procedure. There was also much room for improvement. The battery 
experienced a capacity fade of 10.9% at the end of 21 cycles. The presence of an unwanted 
additional voltage plateau (Figure 2.12b, around 0V) raised concerns that the methyl group of the 
tosylate anion could react in the presence of radicals. For that reason, we switched to and settled 





Figure 2.12  (a) Experiment 14. Charge capacity and current as a function of time for the H-cell 
with 3.7 mM [PDI][Ts]2 and 1.8 mM [Fc4]. The solvent was 10:1 MeCN:diglyme (some 
diglyme is necessary for neutral [Fc4] to dissolve), the supporting electrolyte was 0.5 M LiPF6, 
and the membrane had an MWCO of 6-8 kD. The electrodes were carbon felt (0.125 cm
3
) 
attached to Pt wires. The battery was charged at -1.4V and discharged at 0.3 V at 1 mA (1.5C). 
(b) Selected charge and discharge profiles (charge is positive by convention). (c) Experiment 15. 
Charge capacity and current as a function of time for the H-cell with 3.7 mM [PDI][TFSI]2 and 
1.8 mM [Fc4], in 10:1 MeCN:diglyme, 0.5 M LiPF6, 3.5 kD membrane, and 0.125 cm
3 
carbon 
felt on Pt wires. The battery was charged at -1.2 V and discharged at 0 V at 1C. (d) Selected 
charge and discharge profiles. 
  
The first results we acquired with [PDI][TFSI]2 were significantly better than the tosyl 
PDI (Figure 2.12b). The capacity fade was still high (24% over 36 cycles) but now we could 
make minor adjustments to the system to determine which variable would lead to the greatest 
improvement (Table 2.3). All experiments display an initial capacity drop that is likely due to 
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oxygen in the membrane. We repeated Experiment 15 twice (#17 and 22) and allowed #22 to run 
for 248 cycles to observe the slow capacity fade. Heating batteries lowers the resistance, 
however, in this case (#19) it also led to a precipitous decline in capacity. Changing the salt to 
LiBF4 was disastrous for capacity retention. Even one cycle could not be obtained with the as-
purchased salt (#16). Drying LiBF4 over sieves (#18) allowed 54 cycles to proceed with high 
capacity loss. NMR of the PDI at the end of #18 showed decomposition. With TEABF4, it 
became clear that the BF4 anion reacts with [PDI][TFSI]2. The solution of TEABF4 in MeCN 
turned blue upon addition of [PDI][TFSI]2 and the battery would not charge. UV-Vis showed 










dried? Solvent (PDI:Fc sides) 
% Capacity 
Retention 
at last cycle 
# 
Cycles Notes 
15 LiPF6 no no MeCN:MeCN/diglyme 75.6 35   
16 LiBF4 no no MeCN:MeCN/diglyme 0 0.5   
17 LiPF6 no no MeCN:MeCN/diglyme 89.8 20   
18 LiBF4 yes no MeCN:MeCN/diglyme 15.8 54   
19 LiPF6 no no MeCN:MeCN/diglyme 48.1 28 50°C 
20 TEABF4 no no MeCN:MeCN/diglyme 0 0.5   





22 LiPF6 no no MeCN:MeCN/diglyme 48.4 248   
23 LiPF6 yes yes MeCN:MeCN/diglyme 98.8 50   
24 LiPF6 yes yes 
MeCN/diglyme:MeCN/ 








26 LiPF6 yes yes 
MeCN/diglyme:MeCN 






27 LiTFSI no yes MeCN:MeCN 98.3 265 
 Discharge 
-0.1 
Table 2.3  Battery experiments of [PDI][TFSI]2 and [Fc4]. All concentrations were ~2:1 
[PDI][TFSI]2:[Fc4] (1-2 mM) in 3.5 mL. All experiments used 3.5 kD membrane and were 
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charged to -1.2V and discharged to 0V unless otherwise noted. All experiments used 0.125 cm
3 
carbon felt on Pt wires. All batteries were charged at the current necessary for 1C (0.5-1.4 mA). 
For #22, 25, 26 and 27, the charge capacity retentions are provided for the number of cycles 
before/after the onset of the capacity drop. 
  
The necessity of drying the salts and compounds was not obvious at first, since the 
potential window is within that of water. However, the workup for [PDI][TFSI]2 shirks drying 
with MgSO4, to avoid counterion exchange, so it is quite wet. We decided to dry the compounds 
and the salts over sieves and noticed a significant improvement. Certain cycling experiments 
(#21, 23-26) proceeded for dozens of cycles with very low capacity fade. Inevitably, however, 
the capacity plunged. For #21 this happened after a computer failure, but #23-26 confirmed the 
reality and consistency of the capacity plunge. The voltage plateau close to 0 V that we initially 
attributed to tosyl group reactivity appeared in all the [PDI][TFSI]2 experiments except #25-27. 
Inspection of the compounds after cycling showed no sign of decomposition by NMR. Figure 
2.13a shows the capacity fade for Experiment 25. The sudden drop happened around cycle 45, 
but up to then the capacity barely demonstrated any fade. Cycles 3 and 30 before the plunge 
show nearly superimposable charge and discharge profiles (Figure 2.13b). After the plunge, the 
charge and discharge profiles move to higher potentials. Since the current is constant and the 
materials have not decomposed, this means the resistance has increased. We noticed a white 
powder coating the membrane of disassembled cells. 
19
F NMR of a water solution where the 
membrane had soaked revealed the presence of LiPF6. It precipitated in the membrane (inset to 
Figure 2.13a). The reason for the sudden precipitation is not clear but appears to be related to the 
water content. The experiments where the compounds and salt were not dried over sieves 




Figure 2.13  (a) Experiment 26. The battery was charged at -1.5 V and discharged at 0 V at 1C. 
Inset shows the membrane with LiPF6 precipitate. (b) Selected charge and discharge profiles. 
  
We did not attempt to alleviate the issues with LiPF6 when there are other salts available. 
Ironically, the salt that afforded the best capacity retention contains the counterion already 
included in [PDI][TFSI]2, LiTFSI. This salt enabled us to obtain a battery with a capacity fade 
of 0.00614% per cycle (Figure 2.14).
52
 After the initial period of settling in, the charge and 
discharge profiles are nearly superimposable up to the last cycle (Figure 2.14 inset). The State of 
Charge (SOC) settles at ~80%, most likely due to some deactivation of [PDI][TFSI]2 by oxygen 
in the membrane. The Coulombic Efficiency, which is a measure of the reversibility of a single 
charge/discharge cycle, has an average of 99.955%. This value compares well to aqueous RFBs 
that have been optimized over many years. At 230 cycles, we paused the battery cycling in the 
charged state and left the cell idle for 11 days. The battery displayed no capacity loss after 
cycling was resumed, which is unprecedented for nonaqueous RFBs. The exceptional stability of 
the radicals enabled them to survive without decomposition after the battery stayed at least 50% 




Figure 2.14  Experiment 27: low concentration cell assembled using 1.17 mM [Fc4] and 1.8 mM 
[PDI][TFSI]2 in 0.5 M LiTFSI. Repeated charge (green diamonds)/discharge (black diamonds) 
cycling over >230 cycles at 1 C (1.16 mA/cm2) in a stirred H-cell. The Coulombic efficiency 
(purple diamonds) is also plotted and has an average of 99.955%. Cycling was paused in the 
charged state for 11 days. The first discharge (red diamond) and subsequent cycling shows 
negligible capacity loss. Inset shows selected charge and discharge profiles. 
 
2.3.6  Expanding the Scope of the System 
 One important criterion for new organic electrolytes is their stability when charged at 
high concentration. To address this, we tested high concentration cells by assembling pouch cells 
(see the SI). Figure 2.15 shows cycling of a battery built with 0.4 M electron equivalents (0.1 M 
[Fc4] and 0.2 M [PDI][TFSI]2). This high concentration rivals state-of-the-art organic media 
RFBs while displaying long-term cycling stability.
23,24
 It has an average Coulombic Efficiency 
above cycle 5 of 99.868%. An initial induction period of around 20 cycles is observed due to the 
insolubility of neutral [Fc4] in acetonitrile. This leads to a slow rise in capacity due to the time 
necessary for charged [Fc4] to fully penetrate the electrode. After this induction period, the cell 
settles at a constant charge/discharge capacity corresponding to ∼81% SOC, akin to the low 
concentration cell (Figure 2.15 inset). The charge/discharge profiles of the low and high 
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concentration cells have slightly different shapes due to stirring in the low concentration cell, 
which leads to low diffusion impedance and a sharp approach toward the cutoff voltages. Taken 
together, this high concentration cell demonstrates the stability of the compounds at relevant 
battery operating conditions. 
 
Figure 2.15  High concentration pouch cell using 0.4 M electron equivalents (0.2 M 
[PDI][TFSI]2 and 0.1 M [Fc4] in MeCN with LiTFSI as supporting electrolyte). Charge (orange 
square) and discharge (black square) capacities are shown for >450 cycles corresponding to more 
than 74 days of operation. The average CE (blue squares) above cycle 5 is 99.868%. Inset shows 
selected charge and discharge profiles. 
 
We sought to test if the membrane will be amenable to large temperature excursions and 
to higher-voltage second generation compounds. We exposed the membrane to high (110 °C) 
and low (−20 °C) temperatures, as well as to strong reducing and oxidizing conditions, after 
which we performed dialysis. For example, we soaked the membrane in a solution of sodium 
naphthalenide (approximately −3.0 V vs Fc0/+)53 and subsequently assembled an H-cell with this 
membrane. One chamber of the H-cell was filled with [PDI][TFSI]2 in acetonitrile, while the 
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other contained pure acetonitrile. [PDI][TFSI]2 is such a strong chromophore that even minute 
amounts of crossover can be observed with the naked eye. After stirring overnight, no detectable 
crossover of [PDI][TFSI]2 was visibly observed (Figure 2.16a). Strongly oxidizing (NOBF4, c.a. 






 conditions yielded similar results but with a slight fluorescence from crossover 
of the [PDI][TFSI]2  (Figure 2.16b). We also found that the membrane is stable at high (110 °C) 
and low (−20 °C) temperatures. As a point of emphasis, aqueous cells would not be operable at 
these extreme temperatures.      
 
Figure 2.16  H-cells with [PDI][TFSI]2 and LiPF6 on the left side after treatment with (a) 
sodium naphthalenide and (b) NOBF4 followed by dialysis for 15 h. (c) Cycling data of four H-
cells assembled with membranes treated under the following conditions: sodium naphthalenide 
(circles), NOBF4 (squares), 110 °C (triangles), and −20 °C (diamonds). 
 
With these encouraging preliminary results in hand, we next chose to quantitatively 
assess the impact of these treatments on the membrane’s performance under battery operating 
conditions. Cycling experiments confirm stable cycling for all conditions tested except for the 
membrane treated with NOBF4, which shows a small monotonic fade presumably due to 
crossover of the active electrolytes (Figure 2.16c). To quantify the amount of crossover seen in 
these experiments, we took UV−vis spectra of the [Fc4] chamber (Figure 2.17a). From the molar 
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absorptivity of [PDI][TFSI]2 (εmax = 76,341 M
−1 cm−
1
) we find a crossover of <0.05% for the 
reducing, hot, and cold conditions, while the oxidizing nitrosonium condition gives a crossover 
of 1.25%. The PDI sides were not monitored for the presence of [Fc4] because the PDI 
absorption dominates over ferrocene peaks. The crossover of neutral [Fc4] across the 3.5 kD 
membrane in THF measures 0.60% over 13 days (Figure 2.17b), while unsubstituted ferrocene 
equilibrates on both sides of a 1 kD membrane in less than 24 h. Finally, the low concentration 
cell above (Figure 2.14) was dismantled after cycling and checked for crossover. UV−vis 
spectroscopy showed that 0.2% of the [PDI][TFSI]2 crossed over during the >30 days and >250 
cycles, indicating that crossover is negligible. To summarize the key finding, the cellulose based 
membrane is effective in organic solvents over long periods of time, stable to a >3 V voltage 
window, and stable to temperatures outside the range available for aqueous systems. 
 
Figure 2.17  (a) UV-Vis absorbance spectra of the [Fc4] side of H-cells from membrane stability 
experiments. [PDI][TFSI]2 has an intense transition at ~525 with a vibrational progression. The 
broad peak at ~625 in the NOBF4-treated membrane spectrum arises from the presence of 






2.4   Conclusion 
In this study, we report the first highly stable battery utilizing electrolytes dissolved in 
organic media. After rounds of optimization beginning with THF-soluble molecules that were 
incompatible with efficient battery conditions, we developed a system that shows stable cycling 
for more than a month with a retention of 99.994% per cycle. In this work, we also introduced a 
new organic electrolyte platform to the flow battery field based on perylene diimide cores. The 
reduced species (radicals) of this family of compounds are exceptionally stable. After we 
achieved an understanding of the preparation necessary for handling the cellulose membrane, it 
was shown to withstand the conditions necessary for higher voltages (>3 V) and extreme 
temperature fluctuations not attainable with aqueous systems. Drawbacks of this work include 
the small potential window and solubility that are below that of highly successful aqueous 
systems. However, synthetic derivatization of these molecules should enable higher voltages and 
greater solubility.  
 
2.5   Supplementary Information 
2.5.1   General Experimental Information 
Materials. All chemicals were purchased from commercial sources and used without further 
purification unless otherwise specified. Specifically, lithium hexafluorophosphate (LiPF6) 
packed under argon was purchased from Alfa Aesar and brought into a glovebox directly. 
Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) was purchased from TCI America. 
Anhydrous solvents were purchased from Sigma-Aldrich (Sure SealTM) and brought directly 
into a glovebox to store over 4 Å sieves.  
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5 mL H-Cell glassware was purchased from Adams and Chittenden (part #952752). Teflon 
gaskets were cut from sheet Teflon (0.81mm thick, Alfa Aesar) used in replacement of the viton 
gaskets provided. The homemade Teflon gaskets, and thus the membrane, had an area of 2.54 
cm
2
. Sigracell carbon fiber electrodes (GFD4) were used for all H-cells and carbon paper (Fuel 
Cell Earth) was used for pouch cells. Membranes were purchased from SpectrumLabs (3.5 kD, 
Regenerated Cellulose, flat sheet). 
 
Synthesis: All reactions were performed in oven-dried or flame-dried round bottom flasks, 
unless otherwise noted. The flasks were fitted with rubber septa and reactions were conducted 
under a positive pressure of nitrogen, unless otherwise noted. Anhydrous and anaerobic solvents 
were obtained from a Schlenk manifold with purification columns packed with activated alumina 
and supported copper catalyst (Glass Contour, Irvine, CA). Automated flash chromatography 
was performed using a Teledyne Isco Combiflash Rf200 and Redisep Rf Gold Silica columns. 
The final electrolyte compounds were brought into a glovebox after evacuation in the 
antechamber overnight, at which point they were dried on 4 Å sieves in dry solvent overnight, 






C NMR spectra were recorded on a Bruker DRX300 (300 MHz), 
Bruker DRX400 (400 MHz) or a Bruker DMX500 (500 MHz) spectrometer. Chemical shifts for 
protons are reported in parts per million downfield from tetramethylsilane and are referenced to 
residual proton in the NMR solvent (CHCl3: δ 7.26; DMSO: δ 2.50; CD3CN: δ 1.94). Chemical 
shifts for carbon are reported in parts per million downfield from tetramethylsilane and are 
referenced to the carbon resonances of the solvent (CDCl3: δ 77.0, CD3CN: 118.26). Data are 
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represented as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, m = 
multiplet), coupling constants in hertz, and integration. The mass spectroscopic data were 
obtained at the Columbia University Mass Spectrometry facility using a Waters XEVO G2-XS 
QToF equipped with and ASAP probe or a JEOL JMSHX110A/110A tandem mass 
spectrometer. Absorption spectra were obtained on a Shimadzu UV 1800 UV-Vis 
spectrophotometer. Cyclic voltammograms (CVs) were recorded on a CHI600C electrochemical 
workstation using a three-electrode setup. Glassy carbon, platinum and Ag/AgNO3 were 
employed as the working, counter and reference electrode, respectively. All battery cycling was 
conducted using either a CHI760D galvanostat or a Keithley 2400 controlled through National 
Instruments Labview software running a custom script programed in our lab. 
 
H-cell assembly. The H-cell used was placed on a stirplate and the compartments were both 
stirred via magnetic stirbars. The membrane was pretreated outside the box by soaking for 30 
minutes in deionized water, before being transferred to PC, sparging 4 h and subsequently 
brought into the glovebox. The membrane was then transferred into fresh solvent and stored over 
4 Å molecular sieves for at least 24 h. The membrane was tightly clamped between Teflon 
gaskets in the H-cell. Impedance measurements were recorded occasionally in the presence of 
supporting electrolyte (0.5 M) but in the absence of the active compounds. The total resistance 
was observed to be 170 ± 4 Ω. Considering that most of the contribution to the total resistance 
comes from the membrane, the area-specific resistance (ASR) comes to ~865 Ω/cm2.  
 
Pouch cell assembly. Cells were assembled at 0.1 M [Fc4] and 0.2 M [PDI][TFSI]2. Both cell 
compartments were prepared in the same manner: 10 μL of the catholyte or anolyte solution (at 
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their respective concentrations) were dropped onto carbon paper. These carbon electrodes were 
placed on a stainless-steel spacer, which functioned as mechanical support and electrical contact. 
Finally, these were assembled with the membrane and sealed in polybags (Sigma Aldrich). 
 
General Procedure for Membrane Crossover and Stability: 
The membrane was soaked in water for 1 h before treatment. For high temperature, the 
membrane was placed in propylene carbonate and heated to 110 C overnight. For low 
temperature, the membrane was placed in acetonitrile in a –20 C freezer overnight. For 
oxidizing conditions, the membrane was stirred in nitrosonium tetrafluoroborate (NOBF4, 0.1 M 
in acetonitrile) for 4 h. For reducing conditions, the membrane was stirred in sodium 
naphthalenide (0.1 M in diglyme) in a glove box for 1 h. A control where the membrane was 
only soaked in water was also performed. 
Following these conditions, [PDI][TFSI]2 (20 mg) and LiPF6 (60 mg) in acetonitrile were added 
to one side of the H-cell. Fluorine NMR was taken after 15 h and showed crossover of the salt 
for all conditions. The blank side was colorless for all conditions except nitrosonium 
tetrafluoroborate, where a minimal amount of fluorescence could be seen. The control H-cell was 
monitored for crossover for a further 12 days, at which point the absorbance was measured by 





at 522 nm, 0.05% crossover after 12 days, Figure 2.17a). 
After these qualitative experiments, membranes treated to the same four conditions as mentioned 
above were brought into the glovebox and used for cycling experiments with 19 mg 
[PDI][TFSI]2 and 9 mg [Fc4] in 0.5M LiPF6 (Figure 2.16c). The cells were run at a 1 C current 
(0.7 mA) for 12 cycles. At the end of the experiment, the UV-visible spectrum was taken of the 
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[Fc4] side. The naphthalenide, hot (110 C), cold (–20 C), and NOBF4 conditions showed 
0.038%, 0.028%, 0.032%, and 1.25% crossover, respectively (Figure 2.17a). 
Crossover of the [Fc4] molecule in its neutral state was monitored by dissolving 31 mg in THF 
and putting this solution on one side of an H-cell with the 3.5 kDa membrane with blank THF on 
the other side (Figure 2.17b).  The absorbance of the blank side was taken after 13 days. Using 




 at 439 nm), the crossover was found to be 
0.60%. In comparison, unsubstituted monomeric ferrocene diffuses through a 1 kDa membrane 
overnight. 
 
2.5.2   Synthetic Procedures and Characterization Data 
 
1-(6-Bromohexanoyl)ferrocene (FcCOBr): The following is modified from a literature 
procedure.
42
 An oven-dried, 1 L three-neck round bottom flask was charged with ferrocene (10 
g, 53.8 mmol, 1 eq) and AlCl3 (7.9 g, 59.2 mmol, 1.1 eq). The flask was evacuated and back-
filled with nitrogen. CH2Cl2 (500 ml) was transferred into the flask via cannula. An adapter fitted 
with tygon tubing was attached to one neck under nitrogen and the tubing immersed in a 
saturated solution of NaHCO3. 6-Bromohexanoyl chloride (6.6 ml, 43 mmol, 0.8 eq) was added 
over 5 min. The reaction mixture became dark purple. It was allowed to stir overnight, after 
which it was judged complete by TLC (4:1 hexane:EtOAc), added to brine (500 ml), and the 
organic layer was extracted. The aqueous layer was extracted with CH2Cl2 (2 x 250 ml). The 
organic layers were combined and washed with brine (500 ml), dried with MgSO4, filtered, and 
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the solvent removed with a rotary evaporator. Purification by column chromatography (SiO2, 
hexanes:EtOAc going from 100:0 to 20:80) afforded a brown oil (16.8 g, 46 mmol, 100%). All 
spectroscopic data matched those previously reported. 
 
1-(6-Bromohexyl)ferrocene (FcBr): The following is modified from a literature procedure.
42
  
An oven-dried, 500 ml Schlenck flask was charged with NaBH4 and AlCl3. The flask was 
evacuated and back-filled with nitrogen. THF (400 ml) was added to the flask via cannula. The 
flask was immersed in an ice bath and allowed to cool 15 min. 1-(6-Bromohexanoyl)ferrocene 
(16.8 g, 46 mmol, 1 eq) was added over 10 min. The dark orange solution lightened over several 
hours. The reaction was monitored by TLC (9:1 hexanes:EtOAc) and judged complete after 6 
hours. The reaction mixture was poured into H2O (400 ml). Following the quench, the mixture 
was poured into a separatory funnel and the aqueous layer was extracted with CH2Cl2 until clear. 
The organic layer was dried with Na2SO4, decanted, and the solvent removed with a rotary 
evaporator. Purification by column chromatography (SiO2, hexanes:CH2Cl2 going from 100:0 to 
50:50) afforded a brown oil (12.1 g, 35 mmol, 75%). All spectroscopic data matched those 
previously reported. 
 
[Fc4]: An oven-dried, 250 ml Schlenck flask was charged with NaH (2.55 g, 64 mmol, 20 eq). 
The flask was evacuated and back-filled with nitrogen three times. DMF (45 ml) was added and 
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the reaction mixture was cooled for 15 min in an ice water bath. Pentaerythritol (0.435 g, 3.18 
mmol, 1 eq) dissolved in dry DMF (60 ml) was added to the NaH via syringe over 8 min. The 
Schlenck flask was removed from the ice bath after 40 min and allowed to stir at room 
temperature for one hour. 1-(6-Bromohexyl)ferrocene FcBr (5.56 g, 15.9 mmol, 5 eq) dissolved 
in dry DMF (20 ml) was added over 15 min. The reaction mixture was allowed to stir overnight, 
at which point TLC (95:5 hexanes:EtOAc) showed consumption of starting material. Methanol 
was added until the reaction mixture was quenched. EtOAc (500 ml) was added and the organic 
layer was extracted with 5% LiCl (6 x 125 ml). The organic layer was dried with Na2SO4, 
decanted, and the solvent removed with a rotary evaporator. Purification by column 
chromatography (SiO2, hexanes:EtOAc going from 100:0 to 20:80) afforded a brown oil (2.55 g, 
21 mmol, 66%). 
1
H NMR (500 MHz, CDCl3, 300K): δ 4.10 (s, 20H), 4.06 (d, 6.95 Hz, 8H), 4.06 
(d, 6.95 Hz, 8H), 3.39-3.36 (m, overlap, 16H), 2.31 (t, 7.72 Hz, 8H), 1.54 (m, overlap, 16H), 
1.34 (m, overlap, 16H). 
13
C NMR (125 MHz, CDCl3, 300K): δ 89.5, 71.4, 69.7, 68.5, 68.1, 67.0, 




) calculated for C69H92Fe4O4 = 
1208.4402; found 1208.4415. 
 
FcBpin: The following is modified from a literature procedure.
38
 Ferrocene (10.19 g, 54.8 mmol, 
1 eq) was added to an oven dried 500 ml Schlenk flask and THF (230 ml) was added by cannula 
directly from the solvent purification system. TMEDA (9.0 ml, 60.3 mmol, 1.1 eq) was added. 
The flask was cooled to 0°C. t-BuLi (2.93M, 20.6 ml, 60.3 mmol, 1.1 eq) was added over 20 
min, followed by 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (13.4 ml, 65.8 mmol, 
1.2 eq) after 1 h. The reaction mixture was allowed to stir overnight, at which point it was added 
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to 300 ml aqueous saturated NH4Cl solution. The layers were separated and the aqueous layer 
was washed with DCM (2 x 250 ml). The combined organic layers were dried with MgSO4, 
filtered, and the solvent removed with a rotary evaporator. Purification by column 
chromatography (SiO2, hexanes:EtOAc going from 100:0 to 85:15) afforded a brown/gold solid 
(1.86 g, 5.96 mmol, 11%). All spectroscopic data matched those previously reported. 
 
FcBiphen: A 25 ml round bottom flask was charged with FcBpin (0.182 g, 0.585 mmol, 1.2 eq) 
and 1-bromobiphenyl (0.115 g, 0.493 mmol, 1 eq), followed by H2O (2 ml) and toluene (7 ml). 
The reaction mixture was sparged for 30 min with nitrogen. K3PO4 (1.37 g, 6.45 mmol, 13 eq) 
and [1,1’-bis(diphenylphosphino)ferrocene]dichloropalladium (0.0361 g, 0.00493 mmol, 
0.1 eq) were added and the mixture sparged with nitrogen another 30 min. It was heated to 
95°C for 24 h, at which point the mixture was run through a Celite plug to remove solids. 
The plug was washed with DCM and the solvents removed under reduced pressure. 
Purification by column chromatography (SiO2, hexanes:EtOAc going from 100:0 to 95:5) 
afforded a brown/gold solid (0.0812 g, 0.240 mmol, 49%). All spectroscopic data matched those 
previously reported.
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 The trials to optimize the yield of FcBiphen were performed on 0.05 g of 




FTB: A 10 ml round bottom flask was charged with literature-known FcPhI
40
 (0.101 g, 0.258 
mmol, 3.3 eq) and 1,3,5-Tris(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene (0.0356 g, 
0.0781 mmol, 1 eq), followed by H2O (0.5 ml) and 1,4-dioxane (3.5 ml). The reaction mixture 
was sparged for 30 min with nitrogen. K3PO4 (0.249 g, 1.17 mmol, 15 eq) and [1,1’-
bis(diphenylphosphino)ferrocene]dichloropalladium (0.0057 g, 7.81 µmol, 0.1 eq) were 
added and the mixture sparged with nitrogen another 15 min. It was heated to 90°C 
overnight, at which point the mixture was run through a Celite plug to remove solids. The 
plug was washed with DCM and the solvents removed under reduced pressure. Purification 
by column chromatography (SiO2, hexanes:DCM going from 100:0 to 50:50) afforded a red/gold 
solid (0.0263 g, 0.0306 mmol, 38%). 
1
H NMR (500 MHz, C2D2Cl4, 353K): δ 7.87 (s, 3H), 7.71 
(d, J = 7.4, 6H), 7.58 (d, J = 7.5, 6H), 4.83 (m, 6H), 4.48 (m, 6H), 4.20 (s, 15H). 
13
C NMR (125 
MHz, CDCl3, 323K): δ 142.12, 138.85, 127.22, 126.61, 124.39, 85.80, 70.13, 69.49, 66.87. One 
of the quaternary carbons is either below the noise or overlapping. A similar compound but with 
six phenylferrocene units shows the three quaternary phenyl carbons around 140 ppm.
54
 The 
mass spectrum of FTB confirms its identity. HRMS (MALDI-TOF, reflector positive mode) 
calculated m/z for [C54H42Fe3]
+
 is 858.1335; found 858.1324. 
 
F(CO)2: The following is based on a reported procedure.
43
 An oven-dried, 1 L three-neck round 
bottom flask was charged with ferrocene (10 g, 53.8 mmol, 1 eq) and AlCl3 (18.64 g, 139 mmol, 
2.6 eq). The flask was evacuated and back-filled with nitrogen. CH2Cl2 (500 ml) was transferred 
into the flask via cannula. An adapter fitted with tygon tubing was attached to one neck under 
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nitrogen and the tubing immersed in a saturated solution of NaHCO3. Acetyl chloride (9.2 ml, 
129 mmol, 2.4 eq) was added over 20 min. The reaction mixture became dark purple. It was 
allowed to stir overnight, after which it was judged complete by TLC (4:6 hexane:EtOAc), added 
to brine (400 ml), and the organic layer was extracted. The aqueous layer was extracted with 
CH2Cl2 (2 x 3 ml). The organic layers were combined and washed with H2O (200 ml), dried with 
MgSO4, filtered, and the solvent removed with a rotary evaporator. Purification by column 
chromatography (SiO2, hexanes:EtOAc going from 100:0 to 20:80) afforded a red/brown solid 
(6.23 g, 23 mmol, 43%). All spectroscopic data matched those previously reported. 
 
F(OH)2: The following is based on a reported procedure.
43
 A 500 ml two-neck flask was charged 
with F(CO)2 (6.23 g, 23.1 mmol, 1 eq) and NaBH4 (3.67 g, 97 mmol, 4.2 eq) followed by EtOH 
(300 ml). It was heated to reflux for 6 h. It was allowed to cool to room temperature and poured 
into 300 ml H2O. The ethanol was removed by rotary evaporation and the aqueous layer was 
extracted with DCM (2 x 250 ml). The organic layer was dried with MgSO4, filtered, and the 
solvent removed with a rotary evaporator. Purification by column chromatography (SiO2, 
hexanes:EtOAc going from 100:0 to 20:80) afforded a yellow solid (5.40 g, 20 mmol, 86%). All 




FcTEG: An oven-dried, 250 ml Schlenck flask was charged with NaH (5.74 g, 239 mmol, 12 
eq). The flask was evacuated and back-filled with nitrogen three times. THF (150 ml) was added 
by cannula directly from the solvent system and the reaction mixture was cooled for 15 min in an 
ice water bath. Fc(OH)2 (5.39 g, 20 mmol, 1 eq) was added to an oven-dried 100 ml flask 
followed by 45 ml dry THF. The Fc(OH)2 solution was added to the NaH suspension over 10 
min by syringe. After 1.5 h, 1-Tosyl-triethyleneglycol monomethyl ether
49
 (14.4 g, 45.2 mmol, 
2.3 eq) was added over 5 min. The ice bath was removed and the suspension heated to 50oC 
overnight. The flask was cooled in an ice bath again and MeOH was added to quench NaH. The 
reaction mixture was added to H2O (400 ml) and extracted with DCM (4 x 500 ml). Purification 
by column chromatography (SiO2, 100 % hexanes to 100% EtOAc) afforded a yellow oil (6.87 g, 
12.1 mmol, 62%). 
1
H NMR (500 MHz, CDCl3, 300K): δ 4.29 (m, 2H), 4.09 (m, 4H), 4.02 (m, 
4H), 3.57 (m, 12H), 3.49 (m, 12H), 3.31 (s, 6H), 1.47 (s, 3H), 1.45 (s, 3H). 
13
C NMR (125 MHz, 
CDCl3, 300K): δ 89.64, 89.58, 73.49, 73.47, 71.68, 70.53, 70.36, 70.31, 70.25, 69.01, 68.93, 
68.52, 68.41, 68.32, 66.91, 66.88, 66.26, 66.22, 20.23. HRMS (MALDI-TOF, reflector positive 
mode) calculated m/z for [C28H46FeO8]
+
 is 566.2537; found 566.2582. 
 
[PDI][Ts]2: A dry round bottom flask (500 mL) was charged with a stirbar, followed by 
literature known PNMe2
48
 (8.0 g, 15.0 mmol, 1 eq.). The flask was evacuated and backfilled 
with N2, at which point dry propylene carbonate was introduced via syringe (160 mL). Next, 
literature known 1-Tosyl-triethyleneglycol monomethyl ether
49
 (47.8 g, 150 mmol, 10 eq.) was 
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introduced via syringe and the reaction mixture was stirred at 130 C for 36 hours. The reaction 
mixture was cooled to room temperature, at which point diethyl ether (1.5 l) was introduced to 
precipitate the product. The solid salt [PDI][Ts]2 was filtered and washed with IPA (900 ml). 
The solid was brought down with MeCN and the solvent removed under reduced pressure. It was 
dried under vacuum at 75°C for 3 days to yield 16.5 g (94%) of dark purple solid. 
1
H NMR (500 
MHz, CD3CN, 343K): δ 7.65 (d, J = 7.7 Hz, 4H), 7.45 (d, J = 7.2 Hz, 4H), 7.20 (d, J = 7.6 Hz, 
4H), 7.00 (d, J = 8.1, 4H), 4.35 (m, 4H), 3.96 (m, 4H), 3.75 (m, 8H), 3.63 (m, 10H), 3.51 (m, 
4H), 3.33 (m, 16H), 2.37 (s, 6H). 
13
C NMR (500 MHz, CD3CN, 343K): 163.58, 147.05, 140.20, 
133.79, 131.59, 129.80, 128.22, 127.21, 124.81, 124.52, 122.22, 73.07, 71.57, 71.39, 71.23, 
65.89, 63.80, 59.33, 53.13, 35.33, 21.70. HRMS (MALDI-TOF, reflector positive mode) 
calculated m/z for [C46H58N4O10]
2+
 is 413.2071; found 413.2074. 
 
[PDI][TFSI]2: A dry round bottom flask (150 mL) was charged with a stirbar, followed by 
literature known PNMe2 (2.99 g, 5.62 mmol, 1 eq.). The flask was evacuated and backfilled with 
N2, at which point dry propylene carbonate was introduced via syringe (60 mL). Next, literature 
known 1-iodo-triethyleneglycol monomethyl ether
49
 (14.9 g, 5.43 mmol, 9.7 eq.) was introduced 
via syringe and the reaction mixture was stirred at 145 C for 17 hours. The reaction mixture was 
cooled to room temperature, at which point ethyl acetate (400 ml) was introduced to precipitate 
the product. The solid salt [PDI][I]2 was filtered, re-dissolved in acetonitrile (250 ml), and 
crashed out with more ethyl acetate (900 ml). This was performed once again to ensure that all 
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propylene carbonate was removed and acetonitrile was removed under reduced pressure to yield 
5.6 g (92%) of dark red solid, which was used for the subsequent chloride ion exchange without 
further purification. 
     A round bottom flask (100 mL) was charged with a stirbar, [PDI][I]2 (0.204 g, 0.189 mmol), 
and methanol (50 mL). Amberlite IRA402 chloride form (1.27 g) was added and the reaction 
mixture was allowed to stir for 24 hours, after which the reaction mixture was initially filtered 
through a fluted filter paper. Once filtered of the bulk Amberlite, the solution was filtered 
through a 0.45 micron syringe filter to remove any trace Amberlite and subsequently dried on a 
rotary evaporator. This product, [PDI][Cl]2, was used without further purification (0.176 g, 
quant.) To achieve the target [PDI][TFSI]2, a round bottom flask (25 mL) was charged with a 
stirbar, [PDI][Cl]2  (0.232 g, 0.384 mmol, 1 eq.), CH2Cl2 (14 mL), and deionized water (8 mL). 
Once dissolved, lithium bis(trifluoromethanesulfonyl)imide (0.308 g, 1.07 mmol, 2.8 eq.) was 
added and the reaction mixture was stirred for 20 hours. After stirring, the organic and aqueous 
layers were separated and the organic layer was subsequently washed with deionized water until 
the aqueous wash showed no precipitate when exposed to AgNO3. Once washing was complete, 
the organic layer was evaporated using a rotary evaporator to yield the target compound 
[PDI][TFSI]2 as a solid (0.287 g, 54%). Due to the dynamics of the TEG chain in the presence 
of salt along with the electrostatics of the tetra-alkyl ammonium and TFSI salts, NMRs at room 
temperature were affected by concentration, solvent, temperature, and counterion. To coalesce 
the 
1
H spectrum, DMSO at 420K was used, while LiPF6 saturated CD3CN at 345K was used for 
the 
13
C spectrum. (500 MHz, DMSO, 420K): δ 8.97 (broad doublet, J = 7.7 Hz, 4H), 8.69 (d, J = 
8.70 Hz, 4H), 4.61 (dd, J = 6.65 Hz, J = 6.65 Hz, 4H), 4.01 (broad, 4H), 3.83 (dd, J = 6.65 Hz, J 
= 6.65 Hz, 4H), 3.76 (dd, J = 4.69 Hz, J = 4.69 Hz, 4H), 3.67 (m, 4H), 3.63 (m, 4H), 3.58 (m, 
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4H), 3.48 (dd, J = 4.69 Hz, J = 4.69 Hz, 4H), 3.28 (s, 6H), 2.73 (s, 12H). 13C NMR (125 MHz, 
CD3CN saturated with LiPF6, 345K): δ 163.9, 134.6, 131.9, 129.0, 125.7, 124.5, 122.9, 122.5, 
120.0, 72.7, 71.4, 71.0, 65.6, 63.7, 59.2, 53.3, 35.2, 1.6, 1.5, 1.3, 1.2, 1.0, 0.9, 0.7. IR (ATR) [cm–
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3   The Synthesis of a π-Extended Perylene Diimide Helicene 
3.1   Introduction to Helicenes 
 When considering the ways that benzene rings can be strung together—fullerenes, 
acenes, nanoribbons, etc.—helicenes stand out due to their aesthetic arrangement of atoms. 
Helical organization appears in nature (such as DNA or α-helical protein segments) and in 
architecture. The synthetic, ortho-fused, conjugated π-systems called helicenes display a variety 
of applications arising from their inherent chirality.
1–4










 The popularity of the helical motif continues to grow. Even one of the smallest 
helicenes, [5]helicene, has garnered much attention. Two groups independently designed a 
propeller-shaped benzene scaffold with three appended helicenes—and the papers came out in 
the same journal back to back!
12,13
 [5]Helicene can be made on a gram-scale from a 
binaphthalene derivative,
14
 so neither of these syntheses utilized an oxidative photocyclization, 
which is often the method of choice for making helicenes of various sizes.  
 
Figure 3.1  (a) [16]Helicene, the longest to date.
15
 (b) Propellar of [5]helicenes synthesized by 




 Oxidative photocylization typically occurs under relatively mild conditions, especially 
with visible light. Simple scaffolds such as benzene, naphthalene, and anthracene display 
regioselectivity in oxidative photocyclization. The Katz group demonstrated that para-
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substituted benzene cyclizes to yield the linear or helical product in a 1:1 ratio. A bromine 
auxiliary may be appended to the benzene unit to sway cyclization toward the helicene.
16
 This 
guideline helped Mori and coworkers design the precursor to the [16]helicene in Figure 3.2a. 
They also registered other rules, such as: naphthalene cyclizes exclusively at the peri-position, 
stilbene moieties cyclize into phenanthrenes, and [5]helicene segments need to be avoided 
because of their uncontrolled further cyclization into benzoperylene. Despite meticulous 
planning, the oxidative photocylization of the [16]helicene precursor only yielded 7% of the 
desired compound, highlighting the challenge of performing six cyclizations in one step.  
 
Figure 3.2  (a) Regioselectivity of benzene oxidative photocylization.
16
 (b) Precursor to the 




Phenanthrene does not display such clear-cut rules regarding oxidative photocylization as 
benzene and naphthalene. For example, the cyclization of naphthalene onto phenanthrene 
produces predominantly planar product (Scheme 3.1a). Calculations involving the excited state 
bond orders of the reacting positions predict this sort of regioselectivity.
17
 Interestingly, the 
presence of an electron-withdrawing group on the naphthalene served to reinforce the 
regioselectivity for the planar product, which was formed in 91% yield.
18
 On the other hand, 
regioselectivity of benzene oxidative photocyclizations onto phenanthrene favors the helical 
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product (Scheme 3.1b). Lack of substituents on benzene leads to high yields of photocyclization, 
while methyl groups lower the yield modestly.
19
 Alkoxy groups at the 9 and 10 positions of 
phenanthrene did not significantly affect the yield of [7]helicene.
20
 Other examples exist in the 
literature where the yield of helical products is modest and the byproducts (if any) are not 
characterized.
21–26
 Further guidelines for oxidative photocylizations need to be developed, 
especially when synthesizing molecules with large π-surface overlap such as PDI helicenes.    
Scheme 3.1  (a) Oxidative photocylization of naphthalene onto phenanthrene to form [6]helicene 
and the “planar” (actually [5]helicene) isomer.17 (b) Oxidative photocylizations of substituted 





 The oxidative photocylization of PDIs onto various aromatic scaffolds yields conjugated, 
helical molecules primarily synthesized for use in bulk heterojunction solar cells.
27
 Nonplanar 
PDI oligomers possess high charge mobility and a rigid structure that suppresses recombination. 
These fused PDIs are meant to emulate the rigidity and advantageous morphology of fullerenes. 
In fact, the first report of PDI cyclized onto benzene
28
 refers to the molecule as a “ladder 
conjugated perylene-based oligomer.” This benzene-cyclized PDI dimer, or [5]helicene, contains 
only two overlapping π-bonded atoms (Figure 3.3a). PDIs cyclized onto thiophene groups also 
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do not feature a large extent of sp
2
 atomic overlap, an atom or two at the most.
27,29–32
 Helicenes 
with a large amount of overlapping π-bonded atoms possess interesting new properties arising 
from the collision of their π-electron clouds. The naphthyl PDI dimer helicene (NPDH) was 
previously synthesized in the Nuckolls group for the primary purpose of studying its chiroptical 
properties, redox events, and barrier to racemization (Figure 3.3b).
33
 Contrary to the benzene and 
thiophene-cyclized PDI dimers, NPDH contains 10 overlapping π-bonded atoms, which 
contribute to delocalization of added charge. Increasing the length of the bridge predictably 
limits the number of π-bonded atoms that overlap, as seen in the anthracenyl PDI dimer helicene, 
APDH (Figure 3.3c). This drive to synthesize molecules, especially helicenes, with a large 
extent of π-surface overlap has recently experienced an upheaval due to the potential for 
interesting properties. 
 
Figure 3.3  PDI dimer helicenes.
28,33
 
 Many approaches have been designed for the bottom-up synthesis of graphene-based 
nanoribbons, fueled by the need for atomically precise and soluble graphene with interesting new 
conformations.
34–36
 While single layer graphene possess a zero band-gap, graphene bilayers 
exhibit a range of band structures.
37
 The fusion of graphene bilayers with helicenes produces an 
aromatic sandwich structure with the potential for further band-gap tuning, supramolecular 
assembly, and metal intercalation.
38
 The challenge lies in constructing a molecule with such a 
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large amount of π-surface overlap. The Matsuda group synthesized a helicene with a few extra 
benzene rings on the edge, the simplest helical graphene structure (Figure 3.4a).
39
 It required ten 
steps of low to moderate yield and resulted in a molecule that features no more π-surface overlap 
than [7]helicene. The construction of a hexapole [7]helicene, ironically, necessitated less 
synthetic effort (six moderate to high yielding steps) and produced six helicenes in one step 
(Figure 3.4b).
40
 However, it too failed to achieve a large amount of π-surface overlap with these 
[7]helicenes. Thus far, the only method that has achieved a molecule with significant bilayer 
graphene character involves appending the large aromatic group in the last steps to a pre-formed 
helicene
41
 (though the synthesis section in this paper glosses over the steps needed to make the 
helical core.
42
) There exists a need for a simple, tunable methodology for assembling helicenes 
with large overlapping aryl surfaces. 
 
Figure 3.4  (a) Laterally extended [7]helicene.
39
 (b) Hexapole [7]helicene.
40
 (c) Retrosynthetic 






We sought to develop a fast and tunable synthetic route toward a PDI-functionalized 
helicene with complete overlap of the two PDI units. Such overlap can only be achieved with 
phenanthrene, so concurrently we explored the regioselectivity of oxidative photocylization onto 
this building block. 
 
3.2   Results and Discussion 
3.2.1   Synthesis and Purification of PDI Helicenes 
 Formation of the PDI dimer [7]helicene necessitates synthesis of 3,6-
dibromophenanthrene S1 by oxidative photocylization, an expensive subunit to obtain 
commercially. Oxidative photocyclizations typically requires very dilute conditions to avoid 
[2+2] dimerizations, especially for small molecules without any steric hindrance to avoid the 
dimerization. However, we achieved the oxidative photocyclization of 4,4’-dibromostilbene at a 
concentration nearly four times that in the literature
43
 (3.45 mM vs 0.88 mM), and in higher yield 
(Scheme 3.2). Miyaura borylation followed by Suzuki coupling with mono-brominated PDI 
yielded the photocylization precursor S3. 
 We were curious as to whether the oxidative photocyclization of S3 would produce the 
helicene, like previous PDI cyclizations, or a planar analog due to the strain of forcing large PDI 
units into close proximity. After performing the reaction under visible light with store-bought 
lamps (which heat the solution to ~30°C), we observed both the helical isomer PPDHa in 52% 
yield and the hemihelical product 5HPP in 48% yield by NMR. The observed product 
distribution can be explained by assuming that the first cyclization occurs onto the 4 position of 
phenanthrene, forming a [5]helicene. The second cyclization has a choice: the 5 position (to form 
a [7]helicene) or the 7 position (to form a partially planar derivative). Regioselectivity still favors 
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the helicene, since PPDHa is formed in 52% yield. However, unfavorable steric interactions 
ensure some yield of the partially planar, [5]helicene 5HPP. Purification of the mixture may be 
accomplished with a plug because 5HPP can be washed away with DCM from PPDHa, which 
does not move in this solvent on silica. 5HPP contains a tetracene moiety that reacts with 
oxygen (seen by MALDI). At the higher temperature of 70°C, the [7]helicene becomes the 
dominant product (Table 3.1). 








% Yield Isolated Products 
(% Yield NMR) Comments 
S3 70 24 
83 (90) PPDHa,  
16 (10) 5HPP   
S3 30 39 
57 (52) PPDHa,  
48 (48) 5HPP   
S7 70 72 88 PPDHb 




Table 3.1  Data for oxidative photocyclizations of S3 and S7. The reactions were all in benzene 
at a concentration of 0.2 mM. 
 
 If a large amount of helicene is desired, this route has the drawback of a photocyclization 





 and they employed the convenient synthesis of phenanthrenes from 
phenanthrenequinones initially described in 1932.
45
 Thus, we brominated 9,10-
phenanthrenequinone to yield S4 (Scheme 3.3), which underwent a one-pot reduction/phase-
transfer alkylation to produce the phenanthrene ether S5.
46
 Lithium-halogen exchange followed 
by quenching with a boron electrophile led to pinacol borane S6, which was functionalized with 
PDI by Suzuki coupling. This time, the only helicene that could be isolated was PPDHb in 88% 
yield, but the reaction proceeded slower that with S3 as the substrate. The alkoxy chains acted as 
a deactivating group and possibly as a directing group, but the identity of the remaining 12% of 
the yield could not be fully determined. It consisted of mono-cyclized intermediate (determined 
by MALDI) and unidentifiable decomposition products. Despite the presence of K2CO3 in the 
reaction mixture to soak up HI, some acid must still react with the alkyl ethers. 
Scheme 3.3  Synthetic route toward phenanthrene PDI dimer helicene PPDHb. 
 
 
 An unexpected byproduct in the reaction to form S5 complicated the purification of 
PPDHb. A very small but observable amount of impurity in PPDHb confused us initially, since 
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we assumed it was partially planar isomer. Unlike with PPDHa and 5HPP, this impurity could 
only be removed by preparative HPLC, and poor separation led to a loss in yield. Semi-
preparative HPLC allowed for isolation of the impurity, which we identified as a mono-
deoxygenated [7]helicene (Figure 3.5). Mono-deoxygenated versions of S7, S6, and S5 can also 
be observed in the NMR, and preparative TLC allows for separation and identification of S5-
deoO (Figure 3.4). No recrystallization condition could be found to remove S5-deO from the 
mixture. Doing a stepwise reduction to isolate the phenanthrenediol, followed by alkylation, 
could probably avoid deoxygenated impurities. Alternately, using smaller alkyl chains may allow 
for silica-based separation of the mono-deoxygenated impurity. 
 
Figure 3.5  The isolated mono-deoxygenated impurities. 
 Preparative HPLC with chiral columns allowed for sufficient separation of the 
enantiomers of PPDHa and PPDHb. 5HPP also features M and P enantiomers, but showed only 
a dip in the absorbance peak on a chiral column instead of baseline separation. Most likely, the 
enantiomers of 5HPP interconvert too quickly to be separated (see the Supporting Information 






3.2.2   Strain Energy Calculations and Structure Analysis 
 The formation of PPDHa and PPDHb is surprising, given the large amount of π-surface 
overlap that should cause a significant amount of strain and the literature precedent where 
bulkier groups lowered the yield of [7]helicenes (Figure 3.1b). We sought to perform geometry 
minimizations on a series of structures to assess the strain (B3LYP/6-31G** level of theory). 
The existence of planar isomers of the PPDH molecules allowed for a simple measure of the 
strain without resorting to calculations based on homodesmic reactions. The difference between 
the energies of the helicenes (with and without alkoxy groups) and their hypothetical planar 
analogs was arbitrarily defined as the strain energy (Figure 3.6). 
 
Figure 3.6  Molecular skeletons of the helicenes and planar analogs with the difference in energy 
between helical and planar compounds. PPDPa, PPDPb, and 5HPPb have not been synthesized. 
The word “planar” refers to cyclizations on the 2 and 7 positions of phenanthrene. Even the 
PPDP molecules are not fully planar; the V-shape forces the PDI faces to bend away from each 
other due to carbonyl repulsion. Methoxy groups were used instead of pentoxy groups and the 
swallowtail side chains on nitrogen were modeled as methyl groups for ease of calculation. 
  
The PPDH [7]helicenes contain ~20 kcal/mol more strain than the planar analogs. In 
comparison, the double tether of [2.2]paracylophane produces 31 kcal/mol of strain.
47,48
 The PDI 
[5]helicene molecules are only ~11 kmol/mol higher in energy than the planar molecules, a value 
similar to that of [2.2]metacylophane (13 kcal.mol) whose benzene units do not overlap 
substantially.
49
 The high strain energy of the PPDH [7]helicenes must be due to the large orbital 
overlap of the PDI faces, which emphasizes the significance of obtaining PPDHa and PPDHb in 
high yield.  
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We grew single crystals of PPDHb by slow diffusion of acetonitrile into a solution of 
PPDHb in α,α,α-trifluorotoluene. PPDHb packs into a columnar arrangement (Figure 3.6c) with 
an alternating P and M configuration of enantiomers. A view down the stereogenic axis of 
PPDHb (Figure 3.7a) shows that it has twenty pairs of overlapping π-bonded atoms, the source 
of the 20 kcal/mol of strain derived computationally. The angle between the termini of the 
[7]helicene framework in PPDHb measures 46.19°, compared to 32.01° for the unsubstituted 
[7]carbohelicene.
50
 The steric strain of the bulky PDI groups forces PPDHb to splay 14° more 
than the unsubstituted carbohelicene. Furthermore, the PDI units of PPDHb curve slightly away 
from each other along their axis. Bay-fused PDI units like half-coronenes tend to be flat.
51
 We 
measured the bend angle of the PDI units by a method similar to the one used by Bodwell for 
pyrenophanes.
52,53
 With 0° being a completely flat PDI, the bend angle for PPDHb is on average 
12.2°. For reference (by SXRD), anthracenyl PDI helical dimer APDH
33
 has a bend angle of 8.7° 
and a benzene scaffold with three PDIs
54
 fused to it has an average bend angle of 5.2°. PPDHb 
must possess a significant amount of steric strain between the PDI faces for them to curve away 




Figure 3.7  Structure of (M)-PPDHb by SCXRD. Hydrogen atoms, solvent molecules, the 
C11H23 chains on nitrogen, and all but the first carbon of the alkoxy chains have been removed 
for clarity. Thermal ellipsoids are set at 30% probability. 
 
 
3.3   Photophysical Properties and Electron Delocalization in PDI Helicenes 
3.3.1   Photophysical Characterization and Electronic Structure Calculations 
 The large extent of atom overlap in PPDHb as well as the parallel arrangement of the 
long axes of the PDI units may intuit an absorbance spectrum that displays features of some form 





 and a naphthalene diimide triangle
59
 show a phenonmenon called excitonic coupling, 
which often manifests as an amplification of the 0-1 to 1-1 transitions. At first glance, the 
absorbance spectra of PPDHa and PPDHb appear to have such an amplification of the peak 
centered around 500 nm (Figure 3.8ab). The vibronic progression maintained by monomer PDI 
and rigid PDI oligomers
34
 also appears to be missing. However, analysis of TDDFT calculations 
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(full details in the Supporting Information) reveals that the indication of excitonic coupling (the 
amplified 0-1:1-1 transition ratio) is actually a new transition. The 500 nm peak of PPDHb 
comprises two major transitions: the HOMO-2LUMO+1 (515 nm) and HOMO-3LUMO 
(484 nm). For NPDH, the HOMO-3LUMO transition has very low oscillator strength, so it 
does not obscure the vibronic progression. PPDHa and PPDHb also possess a shoulder around 
460 nm that may likely be the third peak of the obscured vibronic progression. TDDFT predicts 
the HOMOLUMO and HOMO-1LUMO transitions of PPDHa and PPDHb to have low 
oscillator strengths, which manifest as a tail to the absorbance that stretches to ~600 nm. In 
cyclohexane, which sharpens peaks as opposed to THF, these transitions may be recognized as a 
separate entity from the 500 nm-centered peak. 
5HPP displays a cluttered spectrum (Figure 3.8c), containing transitions similar to the 
[7]helicenes and others similar to flat PDI ribbons. Notably, the HOMOLUMO and HOMO-
1LUMO transitions have moderately high oscillator strength compared to the PPDH 
molecules. The asymmetric nature of 5HPP also leads to a breaking of the near degeneracy of 
the LUMO and LUMO+1 calculated for PPDH, NPDH, and APDH. Many lowest energy 
transitions of PPDH and the other dimers come in pairs: the HOMO-xLUMO transition is 
accompanied by a HOMO-xLUMO+1 transition a few nanometers away, and with much 
lower oscillator strength (see the lists of transitions in the SI). The HOMO-xLUMO and 
HOMO-xLUMO+1 transitions of 5HPP still arise in pairs but they are separated by >10 nm 
and both have significant oscillator strength. 
The fluorescence spectra of PPDHa and PPDHb are bathochromically shifted from 
NPDH. All three molecules possess low fluorescence quantum yields compared to monomer 
PDI (>90%
60
): 35% for NPDH, 41% for PPDHa, and 15% for PPDHb. The charge-transfer 
72 
 
process from the alkoxy groups of PPDHb decreases the quantum yield. PPDHb may be an 
interesting molecule for transient absorption spectroscopy. 
 
Figure 3.8  (a) UV-Vis absorption spectra of PDI monomer, PPDHb, and NPDH. (b) UV-Vis 
absorption spectra of PPDHa compared to PPDHb. Both a and b are in cyclohexane.  (c) UV-
Vis absorption spectra of PPDHa, PPDHb, and 5HPP in THF. All absorbance spectra 10 µM, 1 
cm pathlength. (d) Fluorescence spectra of PPDHa, PPDHb, and NPDH in cyclohexane, excited 
at 400 nm. Concentration of fluorescence samples was set to an absorbance of 0.1-0.2. 
 
Historically, the molar CD of carbohelicenes plateaus from [6] to [7]helicene, 
highlighting a drawback of their unsubstituted carbon framework.
61
 Electronic circular dichroism 
(ECD) spectra of PPDHb (Figure 3.9a) show that between 325-425 nm, it has a stronger 
preference for circularly polarized light than NPDH. The PPDHb UV-Vis peaks at 290 and 350 
nm have congeners in the CD spectrum. However, the Cotton effect at 400 nm, which has a g-
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factor of 0.007 (Figure 3.9c), may arise from several transitions. Significantly, the alkoxy groups 
of PPDHb do not affect its absorbance properties, since the UV-Vis and CD spectra of PPDHa 
resemble those of PPDHb to a large extent (Figure 3.8ab, 3.9b). The CD spectra of PPDHa and 
PPDHb contain bisignate peaks between 450-600 nm, which are yet another specious indication 
of excitonic coupling. The peaks are not symmetric enough to be true, textbook-defined
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excitonic coupling features, and PPDHa displays some baseline separation at ~500 nm between 
the two peaks that should not appear in real excitonic coupling features. Some coupling between 
the PDI faces of the PPDH molecules must exist, but it is likely very complex. 
 
Figure 3.9  (a) Electronic circular dichoism spectra of PPDHb and NPDH. (b) Electronic 
circular dichoism spectra of PPDHb and PPDHa. (c) Overlap of PPDHb CD, UV, and its g-
factor plot. All spectra 10 µM in THF, 1 cm pathlength.    
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3.3.2   Electron Delocalization in PDI Dimers 
 The electron-withdrawing nature of perylene diimide derivatives allows them to accept 
electrons at relatively low potentials (see Section 2). A monomer PDI typically displays two 
clear reduction events because electrons are delocalized over the entire aryl surface.
63
 Being 
delocalized, the first added electron Coulombically repels the second electron, shifting the 
second reduction event to a more negative voltage. The reduction events of a PDI monomer are 
usually separated by 200 mV. 
 PDI dimers with variable linkers show different behavior by cyclic voltammetry. As 
expected, flat PDI dimers (nanoribbons) act like an extension of the monomer with full 
conjugation throughout the aryl surface.
28,34,64
 They have four reduction events due to through-
bond electron delocalization (Figure 3.10a). On the other hand, PDI dimers connected in a way 
that forces a large amount of space between the PDIs behave as two distinct monomers and 
possess two reduction events of two electrons each
55,56,58,65
 (Figure 3.10b, but trimers as well, see 
the CV of TPB in Figure 2.8). NPDH possesses a degree of PDI surface overlap that allows for 
enhanced electron delocalization of added charge by intramolecular collisions of the PDI units. 
Evidence for such enhanced delocalization in NPDH rests on the cyclic voltammogram of 
APDH, which possesses only three overlapping π-bonded atoms. APDH shows only two 
reduction events. With ten overlapping π-bonded atoms, NPDH is able to delocalize all its added 
electrons by the synergistic effect of coupling through the naphthyl linker combined with the 




Figure 3.10  Examples of PDI dimers with different numbers of reduction events.
28,55,58
 
 The larger PDI-surface overlap of PPDH produces greater electron delocalization 
compared to NPDH, at least of the first added charge. The separation between reduction events 
of similar systems under similar conditions may be used as a rough guide of the extent of 
electron delocalization. The separation between the first two reduction events of NPDH 
measures 90 mV; for PPDH the analogous events are separated by 170 mV (Figure 3.11). The 
twenty overlapping π-bonded atoms of PPDH serve to reinforce the electron delocalization of 
the first added electron, and probably the second, by through-space intramolecular collisions. 
The only significant difference between the cyclic voltammograms of PPDHa and PPDHb lies 




Figure 3.11  Cyclic voltammograms of PDI helicene dimers. All experiments were conducted in 
DCM with TBAPF6 at supporting electrolyte and are referenced to ferrocene/ferrocenium. The 
scan rate was 50 mV/s. 
 
The third large reduction event of PPDH raised questions about its origin. The PDI 
cyclophane in Figure 3.10c
56
 also displays three reduction events, and the explanation involves a 
Coulombic repulsion-induced conformational change (widening) of the ring that reduces 
electronic interaction between the PDI units at the moment the third electron is added. Once 
widened, the PDI units accept the fourth electron at the same potential as the third electron due to 
the decreased interaction between the PDI units. This explanation would aid in deciphering the 
cyclic voltammograms of PPDH and some of the slip-stacked dimers (Figure 3.8b) that also 
possess three reduction events, except the cyclophane’s third reduction event does not have a 
symmetric re-oxidation event. Instead it has two events upon re-oxidation, the more negative 
event being the loss of three electrons. Presumably, it is harder to push the expanded ring back 
77 
 
together and requires more positive voltage. The voltammograms of PPDH feature a symmetric 
third/fourth reduction event. If there is a widening of the PDI faces, it must be less abrupt than 
the cyclophane. We sought to obtain some more information about the difference between 
delocalization of charge in the first/second versus third/fourth reductions. 
Continuous-wave EPR spectroscopy of PPDHb monoanion formed by chemical 
reduction with cobaltocene revealed a signal with no hyperfine splitting (Figure 3.12). This 
suggests the electron is delocalized over a surface larger than that of monomer PDI
33
 and the 
benzene-fused PDI helicene,
27
 which do show hyperfine splitting. NPDH and APDH do not 
show hyperfine splitting,
33
 so a comparison of the electron delocalization between these 
molecules and PPDHb cannot be made by EPR. Interestingly, lowering the temperature (which 
may sometimes help visualize hyperfine splitting) caused the signal to drop in intensity. Most 
likely, some cobaltocenium PPDHb monoanion precipitated out of solution. 
 
Figure 3.12  Continuous-wave EPR spectra of PPDHb chemically reduced to the monoanion. 
 
The nature of reduction events and electron delocalization may sometimes be resolved by 
taking cyclic voltammograms with different sizes of supporting electrolyte. In a well-known 
example of a nickel dimer, moving from TBACl to TBAPF6 to TBA[B(C6F5)4] induces a 
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separation between the oxidation events of 400 mV from the smallest to the largest anion.
66
 The 
larger, more diffuse anions cannot stabilize the positive charge of the nickel dimer as well as the 
small anion, so the second oxidation peak moves to more positive voltage. We conducted several 
experiments in N,N-dimethylacetamide (DMAC) to observe the effect of changing the salt on the 
CV of PPDHb. The more polar solvent stabilizes charge better than DCM, as evidenced by the 
small splitting between the third/fourth reduction events. If PPDHb behaved in any manner 
analogous to the nickel dimer, the splitting should have increased with increasing cation size in 
the order TBA>K>Na (Figure 3.13). The observed splitting followed the order K>TBA>Na. The 
lack of similarity to the nickel dimer is not suprising, since the nickel dimer possesses full 
electron delocalization as a cation/dication and those experiments were done in a non-
coordinating solvent. Though inconclusive as to electron delocalization of the third/fourth 
reduction events of PPDHb, these CV experiments obviated the need for differential pulse 




Figure 3.13  Cyclic voltammograms of PPDHb with different salts. All experiments were 
conducted in DMAC and are referenced to ferrocene/ferrocenium. The scan rate was 50 mV/s for 
TBA/K and 100 mV/s for Na. The current is lower than the cyclic voltammograms in Figure 3.10 
because PPDHb is only slightly soluble in DMAC. 
 
 We sought to observe the charge states of PPDHb by performing 
spectroelectrochemistry, a bulk electrolysis experiment inside a UV-Vis machine for monitoring 
the spectral changes upon reduction. We used a platinum mesh electrode to conduct bulk 
electrolysis of a PPDHb solution in diglyme with KPF6 as supporting electrolyte. A high boiling 
solvent is necessary to avoid it being sparged away during the experiment (as mentioned in 
Section 2, PDI anions are very oxygen-sensitive). This particular solvent and electrolyte system 
mitigates the low solubility of PPDHb in DMAC and the low solubility of PPDHb
4-
 in diglyme 
with TBAPF6. The latter conclusion was made after a preliminary experiment with PPDHb in 
diglyme/TBAPF6. The absorbance of the tetraanion decreased with increasing voltage; otherwise 
TBAPF6 and KPF6 afforded identical series of spectra. We observed clearly defined isosbestic 
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points for the 0-1, -1-2, and -2-3 states at the expected points (Figure 3.14a-d) based on 
the CV under the same conditions (Figure 3.14f). Isosbestic points occurred for the -3-4 
reduction, but changed quickly due to the equipotential of the third/fourth reduction events. 
Unfortunately, these spectra defy any effort to draw conclusions about electron delocalization. 
Several comparisons can be made to spectroelectrochemical sequences of NPDH and APDH.
33
 
For example, once the anion of APDH is formed, few significant changes perturb the spectrum 
up to the tetrannion. On the other hand, PPDHb and NPDH experience significant increases and 
decreases of various peaks up to the tetraanion. The major difference between PPDHb and 
NPDH lies in the final shape of the peak at ~650 nm. For NPDH, this peak culminates in a flat-
topped segment that stretches for 100 nm, while for PPDHb this peak is sharp at the end of bulk 
electrolysis. Such comparisons, however, explain little about the different degrees of electron 
delocalization between these PDI helicenes. Powerful TDDFT calculations on reduced (or 
oxidized) excited states and a large library of PDI spectroelectrochemical data are needed to 
realize the full potential of this bulk electrolysis technique for PDI. 
 We maintained some hypotheses about spectroelectrochemical ECD. In particular, if the 
bisignate feature from 450-600 nm (Figure 3.9) of PPDHb reflects some form of coupling 
between the PDI units, a widening of the helicene upon reduction should decrease its intensity. 
Using the same conditions as for spectroelectrochemistry, we performed sequential reductions of 
PPDHb in the ECD machine from 0-1.3V (Figure 3.14g). As predicted, the intensity of the 
bisignate feature from 450-600 nm did drop, but so did the intensity of all the other peaks. The 
jagged quality of the traces arises partially from the congested setup; in order to avoid electrodes 
touching one another, the spectroelectrochemical cell with compound ends up in a different 
orientation from the blank. Also, the CD spectrophotometer in general possesses increasingly 
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high noise past 500 nm. Oddly enough, the CD spectrum did not change until -0.775 V, whereas 
regular spectroelectrochemistry (Figure 3.14a) displays significant changes as early as -0.55 V. 
The presence of clear isosbestic points in the Figure 3.14g suggests this is not due to 
experimental error. We decided to perform spectroelectrochemical ECD on NPDH for 
comparison. Using the same conditions as for PPDHb was not possible. NPDH behaves 
irreversibly in diglyme/KPF6 by CV, with the first scan showing some peaks and no signal in 
successive scans. Adding TBAPF6 to the CV solution returns the usual CV profile of NPDH. We 
chose DMAC/TBAPF6 for spectroelectrochemical CD (Figure 3.14h) since that mixture was 
used for regular spectroelectrochemistry in the literature.
33
 While the traces of the reduced 
NPDH species did not bolster our understanding of electron delocalization, the 0 V CD spectrum 
in this DMAC/TBAPF6 mixture differed the one in Figure 3.9a. The spectroelectrochemical cell 
contains solution ten times more concentrated than an ordinary UV-Vis cuvette (1 mm 
pathlength vs. 10 mm, respectively). A pronounced concentration effect lowered the intensity of 
the peak at ~400 nm and increased the intensity of the peak at ~515 nm. PPDHb did not show a 
concentration effect. Even the neutral PDI helicenes still possess interesting properties that 






















 in deoxygenated diglyme with 0.1 M KPF6 
as the supporting electrolyte and a 0.08 mM solution of PPDHb. These reduced species were 
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generated sequentially by bulk electrolysis within a spectroelectrochemical cell (1 mm 
pathlength). The applied potentials ranged from 0 V to -1.3 V vs. Ag/AgCl. The transition from 
black to a different color in (a)-(d) corresponds to the transition to the more reduced species in 
each chemical pair (such as PPDHb to PPDHb
–
). The arrows locate isosbestic point(s) shared 
by pairs of reduced species. (e) The spectra in subfigures (a)-(d) compiled. (f) CV of PPDHb in 
diglyme with 0.1 M KPF6 as supporting electrolyte at a scan rate of 50 mV/s. (g) 
Spectroelectrochemical ECD of PPDHb under identical conditions to (a)-(e). There was one 
more isosbestic point at 426 nm whose label did not fit on the graph. (h) Spectroelectrochemical 
ECD of a 0.1 mM solution of NPDH in deoxygenated DMAC with 0.1 M TBAPF6 as supporting 
electrolyte. The large peak below 300 nm is present in blank solvent. 
 
3.4   Conclusion 
 We have synthesized the strained [7]helicenes PPDHa and PPDHb from the oxidative 
photocyclization of PDI onto phenanthrene. In the process, we discovered a way of optimizing 
the regioselectivity for [7]helicene formation through the use of higher temperature. We 
determined that the 9,10-unsubstituted phenanthrene S7 is a better candidate for oxidative 
photocyclization than S3 because of the shorter reaction time. Also, the propensity of PPDHb to 
undergo decomposition in the presence of acid makes it a less useful molecule than PPDHa. 
Calculations of the strain energy of these PDI helicenes reveal that the [7]helicenes are ~20 kcal 
higher in energy than planar analogs. This makes the high yields of PPDHa and PPDHb 
particularly impressive. 
 The [7]helicenes PPDHa and PPDHb can be separated into their enantiomers for ECD 
and they show enhanced molar CD compared to NPDH at several wavelengths. Their persistent 
chiral shape makes PPDHa and PPDHb possible active components for devices based on 
sensing of circularly polarized light.
67
 The cyclic voltammograms of PPDHb (and even NPDH) 
with various salts suggest that it may preferentially complex certain cations and merits further 
investigation. We anticipate that crystals of PPDH anions with different cations would shed light 
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on its host-guest chemistry and possibly reveal data about the extent of electron delocalization 
over this large π-surface. 
 
3.5   Supplementary Information 
3.5.1   General Experimental Information 
General Experimental Details.   
Materials. All chemicals were purchased from commercial sources and used without further 
purification unless otherwise specified. Phenanthrene-9,10-quinone, 1-bromopentane, 2-
Isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane, and [1,1’-
bis(diphenylphosphino)ferrocene]dichloropalladium were purchased from Sigma-Aldrich. 
Anhydrous, Sure/Seal™ diglyme was used as purchased from Sigma-Aldrich. 
Tetrabutylammonium hexafluorophosphate for electrochemical analysis (≥99.0%) was used as 
purchased from Sigma-Aldrich. 
 
Synthesis and Purification: All reactions were performed in oven-dried or flame-dried round 
bottom flasks, unless otherwise noted. The flasks were fitted with rubber septa and reactions 
were conducted under a positive pressure of nitrogen, unless otherwise noted. Anhydrous and 
anaerobic solvents were obtained from a Schlenk manifold with purification columns packed 
with activated alumina and supported copper catalyst (Glass Contour, Irvine, CA). Automated 
flash chromatography was performed using a Teledyne Isco Combiflash Rf200 and Redisep Rf 
Silica columns. Perylene-3,4,9,10-tetracarboxylicdiimide and 1-bromo-perylene-3,4,9,10-
tetracarboxylicdiimide were prepared using a procedure developed by Rajasingh et al.
68
 
Preparative high performance liquid chromatography (HPLC) was performed on a Waters 
Prep150 instrument equipped with a UV-vis detector and an automated fraction collector. 
The flow reactor was a home-built reactor consisting of a peristaltic pump (Masterflex L/S 
PTFE-Tubing Pump System; 3 to 300 rpm, 90 to 260 VAC; Item# UX-77912-10), FEP tubing 
(Chemfluor FEP tubing), and 17,500 lumen LED cornbulb lamps (EverWatt, 
EWIP64CB150WE39NB24, 150 W). The tubing was wrapped around the LED bulbs to provide 
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the reaction surface. No heating or cooling was applied, and a thermometer touched to the tubing 






C NMR spectra were recorded on a Bruker DRX300 (300 MHz), 
Bruker DRX400 (400 MHz) or a Bruker DMX500 (500 MHz) spectrometer. Chemical shifts for 
protons are reported in parts per million downfield from tetramethylsilane and are referenced to 
residual proton in the NMR solvent (CHCl3: δ 7.26; C2H2Cl4: δ 6.00). Chemical shifts for carbon 
are reported in parts per million downfield from tetramethylsilane and are referenced to the 
carbon resonances of the solvent (CDCl3: δ 77.16, C2H2Cl4: δ 73.78). Data are represented as 
follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, m = multiplet), coupling 
constants in hertz, and integration.  
 
Mass Spectrometry: High resolution mass spectroscopic data were obtained at the Columbia 
University Mass Spectrometry facility using a Waters XEVO G2-XS QToF equipped with an 
ASAP probe or a JEOL JMSHX110A/110A tandem mass spectrometer.  
 
UV-Visible-Near-Infrared Absorbance Spectroscopy: Absorption spectra were obtained on a 
Shimadzu UV 1800 UV-Vis spectrophotometer. 
 
Voltammetry: Cyclic voltammograms (CVs) were recorded on a CHI600C electrochemical 
workstation using Ag/AgCl as the reference electrode, glassy carbon (3 mm diameter) as the 
working electrode, and a platinum wire as the counter electrode. Experiments were performed in 
CH2Cl2 with NBu4PF6 as the supporting electrolyte at a scan rate of 0.05 V/s, unless otherwise 
noted. 
 
Chirality Analyses: Racemic samples were resolved by an Agilent 1200 Series analytical 
HPLC equipped with a diode array detector (300 nm to 900 nm) and a CHIRALPAK® IA-3 
column (4.6 mm I.D. x 250 mm, 3 μm) or a CHIRALPAK® IB-3 column (4.6 mm I.D. x 250 
mm, 3 μm) from Chiral Technologies. CD spectra were recorded by a Jasco J-810 
spectropolarimeter. A 10 mm pathlength high precision cell made of Quartz SUPRASIL® from 




Fluorescence: The fluorescence spectra in Figure 3.7d were recorded using a Jasco FP-8300 
spectrofluorometer. Fluorescence quantum yields were measured with a Jobin Yvon FluoroMax4 
spectrofluorometer equipped with a Horiba Scientific integrating sphere. Very dilute solutions of 
PPDHa, PPDHb, and NPDH in cyclohexane (absorbance of ~0.08 at the longest wavelength 
peak of ~515 nm) were used in the quantum yield experiments. At room temperature, the 
solutions were excited from 395-405 nm, and their emission was measured from 475-675 nm.  
 
Spectroelectrochemistry: Measurements were carried out under continuous nitrogen flow using 
a SEC-C thin layer quartz glass spectroelectrochemical cell (1 mm pathlength) kit purchased 
from ALS Co. The Pt gauze working electrode, Pt counter electrode, and Ag/AgCl reference 
electrode were connected to a CH166 electrochemical workstation. Additional experimental 
parameters are detailed in the captions of Figure 3.13. 
 
EPR Spectroscopy: In the glovebox, a deoxygenated sample of 5 mM PPDHb in diglyme was 
monoreduced by the addition of 1 equivalent of cobaltocene, placed in a quartz tube with 2-mm 
inner diameter, and sealed. X-band EPR spectra were recorded on a Bruker EMX spectrometer 
equipped with a variable temperature accessory (ER413VT) using a modulation amplitude of 
0.05 G. 
 
Single-crystal X-ray Diffraction: Data for PPDHb was collected on an Agilent SuperNova 
diffractometer using mirror monochromated Cu K radiation. Acetonitrile was vapor diffused 
into a solution of PPDHb in , , -trifluorotoluene to afford small orange rods. The crystal was 
mounted on a MiTeGen Kapton loop (polyimide) using paratone oil. Data was collected at 100 
K. Data collection, integration, and scaling was performed on CrysAlisPro (CrysAlisPro 
1.171.38.41. Oxford Diffraction/Agilent Technologies UK Ltd, Yarnton, England). The structure 
was solved by intrinsic phasing  using SHELXT and refined with SHELXL
69
 using the OLEX2
70
 
interface. Successive cycles of least-square refinement followed by difference Fourier syntheses 
revealed the positions of the remaining non-hydrogen atoms. Space group assignment was 
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determined by examination of systematic absences, E-statistics, and successive refinement of the 
structure. The program PLATON
71
 was employed to confirm the absence of higher symmetry. 
All non-hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen 
atoms were added in idealized positions. Crystallographic data for PPDHb is given in section 
3.5.7. 
 
Quantum Mechanical Calculations: All quantum chemical calculations were performed using 
Jaguar, version 8.3, Schrodinger, Inc., New York, NY, 2014.
72
 All geometries were optimized 
using the B3LYP functional and the 6-31G** basis set. At the optimized geometry for each local 
minimum we calculated the associated absorption spectrum using the TD-DFT method that is 
included in the Jaguar package. We used the 6-31G** basis set in these calculations. 
 
3.5.2   Synthesis and Characterization 
 
 
3,6-Dibromophenanthrene (S1): trans-4,4’-dibromostilbene (0.362 g, 1.07 mmol, 1 eq), iodine 
(0.603 g, 2.38 mmol, 2.2 eq), and propylene oxide (2.0 ml, 28.6 mmol, 27 eq) combined with 
310 ml benzene in a 320 ml quartz round bottom flask and sparged with nitrogen 10 minutes. 
The flask was placed in a Rayonet photoreactor (The Southern New England Ultraviolet 
Company) with 16 x 300 nm lamps and stirred under UV light for 8 h. This reaction mixture was 
combined with another batch that had 0.314 g stilbene. The solvent was removed under reduced 
pressure. The solid was purified by hot recrystallization from hexanes to yield 0.499 g of white 






S2: S1 (0.107 g, 0.318 mmol, 1 eq), bis(pinacolato)diboron (0.176 g, 0.692 mmol, 2.2 eq), 
potassium acetate that had been dried in a 200⁰C oven (0.241 g, 2.15 mmol, 7.7 eq), and [1,1’-
bis(diphenylphosphino)ferrocene]dichloropalladium (0.016 g, 0.0223 mmol, 0.07 eq) were 
placed in an oven-dried 10 ml Schlenk flask, then evacuated and back-filled with nitrogen 3 
times. In a separate oven-dried 10 ml round bottom flask, 2 ml of 1,4-dioxane were sparged for 8 
min, then transferred to the reaction mixture and sparged 3 min.  The Schlenk flask was sealed 
with a glass stopcock and heated to 80⁰C overnight, at which point it was added to 50 ml 
deionized water. The aqueous layer was extracted 3 x 50 ml EtOAc. The organic layer was dried 
with MgSO4, filtered, and the solvent removed with a rotary evaporator. Purification by column 
chromatography (SiO2, hexanes:DCM going from 100% hexanes to 100% DCM) afforded the 
white solid S2 (0.0406 g, 30%). 
1
H NMR (400 MHz, CDCl3, 300 K) δ 9.30 (s, 2H), 8.02 (d, J = 
7.9 Hz, 2H), 7.88 (d, J = 7.9 Hz, 2H), 7.77 (s, 2H), 1.45 (s, 24H). 
 13
C NMR (100 MHz, CDCl3, 
300 K) δ 134.08, 132.01, 130.21, 129.89, 128.04, 127.72, 84.00, 24.94. HRMS (APCI+) 
calculated m/z for [C26H32B2O4+H]
+




S3: PDIBr (0.152 g, 0.193 mmol, 2.1 eq), S2 (0.0398 g, 0.0925 mmol, 1 eq), K2CO3 (0.307 g, 
2.22 mmol, 24 eq) and [1,1’-bis(diphenylphosphino)ferrocene]dichloropalladium (0.009 g, 
0.0120 mmol, 0.13 eq) were placed in a 10 ml Schlenk flask, then evacuated and back-filled with 
nitrogen 3 times. In a separate 10 ml round bottom flask, 3 ml of THF and 1 ml of deionized H2O 
were sparged for 10 min, then transferred to the reaction mixture and sparged 4 min. The 
Schlenk flask was sealed with a glass stopcock and heated to 75⁰C overnight, at which point it 
was added to 35 ml deionized water. It was extracted with DCM until the aqueous layer went 
clear. The organic layer was dried with Na2SO4, filtered and the solvent removed with a rotary 
evaporator. Purification by column chromatography (SiO2, hexanes:DCM going from 100% 
hexanes to 100% DCM) afforded the dark red solid S3 (0.133 g, 92%). 
1
H NMR (500 MHz, 
C2D2Cl4, 403 K) δ 9.12 (s, 2H), 8.77-8.65 (many overlapping signals, 10H), 8.13 (m, 4H), 8.06 
(s, 2H), 7.96 (d, J = 8.3 Hz, 2H), 7.68 (d, J = 8.2 Hz, 2H), 5.17 (bm, 4H), 2.25 (bm, 8H), 1.94 
(bm, 8H), 1.34 (broad, overlapping signals, 55H), 0.88 (broad, overlapping signals, 25H). 
 13
C 
NMR (125 MHz, C2D2Cl4, 403 K) δ 163.73, 163.70, 163.45, 141.39, 141.32, 135.96, 134.77, 
134.31, 134.19, 132.54, 132.28, 131.79, 130.66, 130.51, 130.00, 129.94, 129.07, 128.58, 128.08, 
127.56, 127.44, 123.91, 123.57, 123.11, 122.98, 122.79, 122.52, 122.32, 74.03, 54.89, 54.70, 
32.34, 31.39, 26.36, 22.06, 13.42. HRMS (APCI+) calculated m/z for [C106H114N4O8+Na]
+
 is 




PPDHa and 5HPP: S3 (0.0331 g, 0.0211 mmol, 1 eq), iodine (0.0371 g, 0.146 mmol, 6.9 eq), 
and K2CO3 (0.6342 g, 4.59 mmol, 218 eq) were dissolved in 106 ml benzene. The solution was 
sparged with nitrogen for 30 min and left under positive pressure of nitrogen while being 
irradiated by two 55 W CFL light bulbs for 24h. The solvent was removed by rotary evaporation 
and the material was loaded onto a small silica plug and dried with air. The plug was flushed 
with MeCN (40 ml), the mixture of products was brought down with 9:1 DCM/EtOAc, and the 
solvent was removed by rotary evaporation. NMR was taken of the crude mixture in C2D2Cl4 at 
393 K. To isolate the products, the mixture was loaded onto a plug again and flushed with 9:1 
DCM/hexanes, then DCM. These DCM washes contained 5HPP (0.0054 g, 16%). PPDHa was 
brought down with 9:1 DCM/EtOAc and the solvent removed by rotary evaporation to give a red 
solid (0.0274 g, 83%). PPDHa: 
1
H NMR (500 MHz, C2D2Cl4, 393 K) δ 10.27 (s, 2H), 9.48 (d, J 
= 8.7 Hz, 2H), 9.08 (d, J = 8.1 Hz, 2H), 8.97 (d, J = 8.2 Hz, 2H), 8.75 (two overlapped doublets, 
4H), 8.61 (s, 2H), 8.39 (d, J = 8.1 Hz, 2H), 8.32 (s, 2H), 5.35 (bm, 2H), 4.50 (bm, 2H), 2.35-2.21 
(several overlapped signals, 8H), 1.69-0.79 (many overlapped signals, 80H).  
13
C NMR (125 
MHz, C2D2Cl4, 393 K) δ 164.16, 163.97, 162.72, 162.25, 132.84, 131.82, 129.91, 129.68, 
129.66, 129.01, 128.49, 127.84, 127.72, 127.17, 126.25, 125.44, 125.31, 125.09, 123.80, 123.76, 
123.43, 123.01, 122.68, 122.54, 121.87, 121.48, 119.47, 74.03, 55.35, 53.55, 32.73, 32.57, 31.61, 
31.55, 31.26, 30.91, 30.78, 30.65, 26.85, 26.73, 25.95, 25.88, 22.22, 22.06, 13.56, 13.45, 13.41. 
HRMS (APCI+) calculated m/z for [C106H110N4O8+H]
+
 is 1567.8402; found 1567.8441. 5HPP 
decomposes over time and may be further purified by thin layer chromatography (13:7 
DCM/hexanes, run 3 times). 
1
H NMR (500 MHz, C2D2Cl4, 393 K) δ 10.58 (s, 1H), 10.43 (s, 1H), 
10.32 (s, 1H), 10.17 (s, 1H), 10.00 (s, 1H), 9.44-9.41 (three overlapping doublets, 3H), 9.19 (d, J 
= 8.2 Hz, 1H), 9.14-9.09 (three overlapping doublets, 3H), 9.04 (s, 1H), 9.02 (d, J = 8.0 Hz, 1H), 
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8.92 (d, J = 8.0 Hz, 1H), 8.67 (d, J = 8.7 Hz, 1H), 8.54 (d, J = 8.6 Hz, 1H), 8.38 (d, J = 8.7 Hz, 
1H), 5.43 (bm, 2H), 4.98 (bm, 1H), 4.66 (bm, 1H), 2.46 (bm, 4H), 2.11-1.90 (overlapping peaks, 
8H), 1.58-1.36 (overlapping peaks, 44 H), 0.98-0.48 (overlapping peaks, 32H). 
13
C NMR (125 
MHz, C2D2Cl4, 393 K) δ 164.42, 164.35, 164.29, 164.10, 163.80, 163.76, 163.67, 162.96, 
134.13, 133.77, 133.64, 133.59, 133.32, 133.23, 132.29, 130.14, 129.75, 129.54, 129.48, 129.39, 
128.86, 128.83, 128.57, 128.10, 128.02, 127.95, 127.85, 127.73, 127.62, 127.40, 127.29, 126.58, 
126.52, 126.30, 125.40, 125.02, 125.01, 124.94, 124.88, 124.83, 124.70, 124.50, 123.65, 123.55, 
123.52, 123.48, 123.24, 123.01, 122.88, 122.81, 122.58, 121.31, 74.03, 55.14, 54.73, 53.79, 
32.52, 32.47, 32.07, 31.75, 31.53, 31.41, 30.83, 26.53, 26.42, 25.68, 25.62, 22.31, 22.23, 22.08, 
21.63, 21.60, 13.65, 13.59, 13.24, 13.19. HRMS (APCI+) calculated m/z for [C106H110N4O8+H]
+
 
is 1567.8402; found 1567.8418. 
 
3,6-Dibromophenanthrene-9,10-quinone (S4): This molecule was synthesized according to a 




S5: 3,6-Dibromophenanthrene-9,10-quinone S4 (5.45 g, 14.9 mmol, 1 eq), Na2S2O4 (25.95 g, 
149 mmol, 10 eq), and tetrabutylammonium bromide (4.80 g, 14.9 mmol, 1.1 eq) were placed in 
a 500 ml round bottom flask. THF (110 ml) and deionized water (110 ml) were added. The flask 
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was capped and shaken for 6 min. 1-Bromopentane (6.57 g, 43.5 mmol, 2.9 eq) was added, 
followed by KOH (21.74 g, 387 mmol, 26 eq) in 110 ml water. The mixture became dark. It was 
allowed to stir 48 h, after which it was judged complete by TLC (95:5 hexane:EtOAc). The 
aqueous layer was extracted 3 x 200 ml EtOAc. The organic layers were combined and washed 
with water (2 x 200 ml), brine (1 x 100 ml), dried with Na2SO4, decanted, and the solvent 
removed with a rotary evaporator to yield a brown oil. Ethanol was added to precipitate the 
product, which was further washed with ethanol, leaving 4.59 g (11 mmol, 61%) of a pale yellow 
solid. The product was contaminated with a molecule that lacks one oxygen, S5-deO. This 
contaminant could not be removed by silica gel column chromatography or recrystallization so 
the product was carried forward and the impurity removed by HPLC after the cyclization. An 
analytically pure sample of 3 and (and S5-deO, whose proton NMR is included) could be 
obtained by preparative TLC (cyclohexane).   
1
H NMR (500 MHz, CDCl3, 300 K) δ 8.64 (s, 2H), 
8.09 (d, J = 8.7 Hz, 2H), 7.70 (d, J = 8.8 Hz, 2H), 4.18 (t, J = 6.8 Hz, 4H), 1.89 (q, 4H), 1.54 (q, 
4H), 1.44 (m, 4H), 0.97 (t, J = 7.3, 6H).
 13
C NMR (125 MHz, CDCl3, 300 K) δ 130.42, 128.84, 
128.72, 125.36, 124.17, 120.28, 73.71, 30.10, 28.35, 22.56, 14.06. HRMS (APCI+) calculated 
m/z for [C24H28Br2O2]
+
 is 506.0456; found 506.0459. 
 
S6: An oven-dried, 50 ml Schlenk flask was charged with S5 (0.98 g, 1.93 mmol, 1 eq), THF (36 
ml), and TMEDA (0.64 ml, 4.25 mmol, 2.2 eq). The flask was immersed in an acetone/dry ice 
bath and allowed to cool 15 min. n-Butyllithium (2.73 ml, 4.25 mmol, 2.2 eq) was added 
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dropwise over 9 min and the solution was allowed to stir for a further hour. 2-Isopropoxy-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.91 ml, 4.40 mmol, 2.3 eq) was added and the solution 
allowed to stir cold for 20 min, then warmed up to room temperature. The reaction was 
monitored by TLC (95:5 hexanes:EtOAc) and judged complete after 1 hr. The reaction mixture 
was poured into saturated NH4Cl (100 ml) and extracted with EtOAc (3 x 100 ml). The organic 
layer was dried with MgSO4, filtered, and the solvent removed with a rotary evaporator to yield a 
slowly solidifying brown solid. The solid was recrystallized twice from ethanol to give 0.62 g 
(1.04 mmol, 54%) of white crystals. 
1
H NMR (500 MHz, CDCl3, 323 K) δ 9.22 (s, 2H), 8.23 (d, 
J = 8.2 Hz), 8.02 (d, J = 8.2 Hz), 4.21 (t, J = 6.7 Hz, 4H), 1.91, (m, 4H), 1.55 (m, 4H), 1.44-1.41 
(two overlapped peaks, 28H), 0.96 (t, J = 7.3 Hz). 
13
C NMR (125 MHz, CDCl3, 323 K) δ 144.11, 
132.17, 131.61, 130.09, 128.24, 121.30, 83.96, 73.63, 30.14, 28.38, 24.93, 22.57, 14.08. HRMS 
(APCI+) calculated m/z for [C36H52B2O6+H]
+
 is 603.4041; found 603.4047. 
 
S7: 2-Bromoperylenediimide (0.498 g, 0.64 mmol, 2.2 eq), S6 (0.175 g, 0.291 mmol, 1 eq), 
K2CO3 (1.33 g, 9.6 mmol, 15 eq) and [1,1’-bis(diphenylphosphino)ferrocene]dichloropalladium 
(0.047 g, 0.0064 mmol, 0.1 eq) were placed in a two-neck 50 ml round bottom flask fitted with a 
reflux condenser. The flask was evacuated and backfilled with nitrogen three times. In a separate 
flask, THF (18 ml) and H2O (2 ml) were spurged for 30 min with nitrogen. The solvents were 
transferred into the flask with the solids by syringe and spurged 15 min. The reaction mixture 
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was heated to reflux for 16 h, at the end of which it was added to 50 ml H2O. The aqueous layer 
was extracted with DCM until it became clear (~100 ml). The organic layer was dried with 
MgSO4, filtered, and the solvent removed with a rotary evaporator. Purification by column 
chromatography (SiO2, hexanes:DCM going from 100:0 to 10:90) afforded a red solid (0.348 g, 
0.20 mmol, 68%). 
1
H NMR (500 MHz, C2D2Cl4, 403 K) δ 9 (s, 2H), 8.75-8.65 (several 
overlapped peaks, 10H), 8.51 (d, J = 8.3 Hz, 2H), 8.16 (d, J = 8.1 Hz), 8.01 (d, J = 8.2 Hz), 7.70 
(d, J = 8.2 Hz, 2H), 5.18 (bm, 4H), 4.51 (bm, 4H), 2.25 (bm, 8H), 2.11 (m, 4H), 1.94 (bm, 8H), 
1.73 (m, 4H), 1.61 (m, 4H), 1.35 (bm, 48H), 1.09 (t, J = 7.1 Hz, 6H), 0.89 (bm, 24H). 
13
C NMR 
(125 MHz, C2D2Cl4, 403 K) δ 163.72, 163.47, 143.90, 141.48, 140.25, 136.06, 134.74, 134.42, 
134.22, 132.49, 130.65, 130.61, 130.16, 130.03, 129.94, 129.88, 129.08, 128.53, 128.08, 127.45, 
127.41, 124.62, 123.87, 123.56, 123.10, 122.91, 122.71, 122.36, 122.29, 73.95, 54.84, 54.67, 
32.34, 31.40, 29.99, 28.26, 26.35, 22.24, 22.08, 13.54, 13.44.    HRMS (APCI
+
) calculated m/z 
for [C116H134N4O10+H]
+
 = 1744.0178; found 1744.0177. 
          
PPDHb: S7 (0.0291 g, 0.0167 mmol, 1 eq), iodine (0.0285 g, 0.112 mmol, 6.7 eq), and K2CO3 
(0.4603 g, 3.33 mmol, 200 eq) were dissolved in 78 ml benzene. The solution was sparged with 
nitrogen for 30 min and left under positive pressure of nitrogen while being irradiated by two 55 
W CFL light bulbs for 76h. TLC still showed the presence of the mon-cyclized intermediate but 
over the three days, TLC also showed increasing amounts of decomposition, so the reaction was 
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halted The solvent was removed by rotary evaporation and the material was loaded onto a small 
silica plug and dried with air. The plug was flushed with MeCN (40 ml) and dried again with air. 
Then it was flushed with 9:1 DCM/hexanes, then DCM. These DCM washes contained the 
mono-cyclized intermediate and decomposition (0.004 g). PPDHb was brought down with 9:1 
DCM/EtOAc and the solvent removed by rotary evaporation to give a red solid (0.0256 g, 88%). 
NMR was taken of the crude mixture in CDCl3 at 323 K to show the amount of PPDHb-deO. 
Though the impurity is only 6% of the product by NMR, the separation between such similar 
molecules by HPLC is poor and about one-fourth of the product is lost to mixed fractions. 
1
H 
NMR (500 MHz, C2D2Cl4, 393 K) δ 10.26 (s, 2H), 9.47 (d, J = 9.0 Hz, 2H), 9.14 (d, J = 8.9 Hz, 
2H), 9.08 (d, J = 8.1 Hz, 2H), 8.97 (d, J = 8.2 Hz, 2H), 8.74 (d, J = 8.2 Hz, 2H), 8.37 (d, J = 8.1 
Hz, 2H), 8.29 (s, 2H), 5.35 (m, 2H), 4.84 (m, 2H), 4.69 (m, 2H), 4.49 (m, 2H), ~2.35-2.20 (bm, 
12H), 1.89 (m, 4H), ~1.76-0.79 (bm, 90H). 
13
C NMR (125 MHz, C2D2Cl4, 363 K) δ 164.17, 
164.01, 162.71, 162.35, 145.67, 132.79, 131.72, 130.19, 129.56, 129.28, 128.42, 127.88, 127.61, 
127.10, 126.36, 125.44, 125.01, 124.15, 123.70, 123.50, 123.40, 123.00, 122.98, 122.59, 122.50, 
122.43, 121.78, 121.37, 119.33, 74.76, 55.31, 53.53, 32.74, 32.55, 31.62, 31.55, 31.28, 30.81, 
30.64, 30.15, 28.38, 26.87, 26.73, 25.98, 25.91, 22.39, 22.23, 22.11, 22., 13.70, 13.57, 13.48, 
13.42. HRMS (ESI+) calculated m/z for [C116H130N4O10+Na]
+
















a) Resolution of the enantiomers of PPDHa by chiral preparative HPLC. The enantiomers of 
PPDHa were resolved from 8 mg of racemic material dissolved in 6 ml of 1:2 DCM/hexanes. 
This solution was injected in 1000 ul aliquots onto a CHIRALPAK® IB-3 column (30 mm I.D. x 250 
mm, 5 μm), with 20% DCM/hexanes flowing at a rate of 28.5 ml/min at room temperature. b) Separation 
of PPDHb from the mono-deoxygenated impurity. PPDHb (~80 mg) was dissolved in 1:3 DCM/hexanes 
and injected in 1000 ul aliquots onto a CHIRALPAK
®
 IA-3 column (21 mm I.D. x 250 mm, 5 μm) with 
18% DCM/hexanes flowing at 18 ml/min at room temperature. The impurity is the small peak at 22 min. 
c) Resolution of the enantiomers of PPDHb by chiral preparative HPLC. The enantiomers of 
PPDHb were resolved from 13 mg of racemic material dissolved in 10 ml of 1:8 DCM/hexanes. 
This solution was injected in 1000 ul aliquots onto a CHIRALPAK® IB-3 column (30 mm I.D. x 250 
mm, 5 μm), with 16% DCM/hexanes (where the DCM was a pre-made mixture of 99:1 DCM/EtOAc) 
flowing at a rate of 19 ml/min at room temperature. d) The resolution of the enantiomers of 5HPP was 
attempted with 2 mg of racemic mixture dissolved in 1.5 mL of 20% DCM/hexanes on a CHIRALPAK
®
 













































3.5.4   Molecular Orbitals of PPDHb, PPDHa, and 5HPP 
 
 
Highest- and lowest-unoccupied molecular orbitals of PPDHb by DFT (B3LYP/6-31G**). 







Highest- and lowest-unoccupied molecular orbitals of PPDHa by DFT (B3LYP/6-31G**). 







Highest- and lowest-unoccupied molecular orbitals of 5HPP by DFT (B3LYP/6-31G**). Orbital 





3.5.5   DFT-Optimized Molecular Structures and TD-DFT Excited State 
Calculations of the Synthesized Helicenes  PPDHb, PPDHa, and 5HPP 
PPDHb 
B3LYP/6-31G** optimized geometry 
Total energy = -3583.34674358720 hartrees 
angstroms 
atom               x                 y                 z 
C1           -2.2733393585      2.3430114030      0.4296357562 
C2           -2.4072544101      0.9255901905      0.5238128084 
C3           -3.7016047842      0.3521714363      0.6660156968 
C4           -4.8473198783      1.1695465076      0.6655322870 
C5           -4.7059673021      2.5475708611      0.5350910721 
C6           -3.4412920582      3.1219944642      0.4252128530 
C7           -1.2628117011      0.0664563982      0.4914387514 
C8           -1.4110565674     -1.3298374598      0.6619526493 
C9           -2.7200317874     -1.8616995976      0.8261298560 
C10          -3.8303376161     -1.0577030612      0.8148351905 
C11          -5.1713995617     -1.6791654167      0.9613868674 
N12          -6.2721768412     -0.8154401972      0.9380636229 
C13          -6.2039048715      0.5822707877      0.8018175560 
C14          -0.9297005362      2.9230068222      0.3812699269 
C15           0.2011857869      2.0519437553      0.3545297477 
C16           0.0456297687      0.6267900865      0.3481600565 
C17          -0.7025884139      4.3089191108      0.3874447860 
C18           0.5842348029      4.8418060431      0.3947653642 
C19           1.6937160465      4.0023236433      0.3855314787 
C20           1.5100593592      2.6081610655      0.3510846585 
C21           2.6359724760      1.7361613242      0.3566354988 
C22           2.4652162789      0.3765392410      0.3055553316 
C23           1.1748457979     -0.2246170570      0.2402794229 
C24           3.0577482297      4.5806536072      0.4423830487 
N25           4.1317333871      3.6780717161      0.4734999217 
C26           4.0181683265      2.2801275244      0.4250797652 
C27          -7.5888709605     -1.4459613023      1.0770016017 
C28           5.4708688814      4.2705185753      0.5524465120 
O29           3.2682777530      5.7859902271      0.4735417993 
O30           5.0088373687      1.5602918161      0.4320052348 
O31          -5.3369717530     -2.8845680964      1.0979008283 
O32          -7.2166207371      1.2691742567      0.7966380082 
C33           1.0026470111     -1.6667312890      0.2232594489 
C34          -0.2502441153     -2.1923859496      0.6255221960 
C35           2.0803839585     -2.5982634721     -0.0620498475 
C36           2.0216628332     -3.8749476585      0.5579837889 
C37           0.7852005094     -4.3395224417      1.0892312563 
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C38          -0.3329874941     -3.5608545296      1.0265736002 
C39           3.2206802830     -2.3160539596     -0.9055718145 
C40           4.4146697766     -3.0460614411     -0.6632764252 
C41           4.3822139406     -4.2455525683      0.1156416926 
C42           3.1928599186     -4.6930474846      0.6411037298 
C43           3.2291619881     -1.3743031230     -2.0115449914 
C44           4.4727080551     -0.8378236675     -2.4280490469 
C45           5.6790661064     -1.4502668674     -1.9725397566 
C46           5.6451040440     -2.5767217187     -1.2039676630 
H47          -5.6002145705      3.1608975706      0.5307004891 
H48          -3.3744691208      4.1997364034      0.3407548363 
H49          -2.8860647187     -2.9256810049      0.9275268445 
H50          -1.5406626697      4.9946925188      0.4066366109 
H51           0.7460060878      5.9138133036      0.4199845836 
H52           3.3548317394     -0.2330029098      0.3568951647 
H53          -8.3396625979     -0.6614872630      1.0287111474 
H54          -7.7363833518     -2.1716972235      0.2745486086 
H55          -7.6467818443     -1.9761654447      2.0300956719 
H56           5.5511769926      4.8802886168      1.4548132249 
H57           6.1922790909      3.4575849137      0.5729464143 
H58           5.6435744891      4.9151742924     -0.3117780204 
H59           0.7479251444     -5.3431173295      1.4954439782 
H60          -1.2756517279     -3.9680158553      1.3672932829 
O61           5.5568913441     -4.9363333176      0.3035326814 
O62           3.0934370132     -5.9164534513      1.2603472635 
H63           6.6355550831     -1.0732045361     -2.3106399598 
H64           6.5530808061     -3.1100183080     -0.9491677665 
C65           3.3134216966      0.7057471498     -3.9806318121 
C66           4.5018883440      0.2848259841     -3.3402578649 
C67           5.7011696742      1.0117573295     -3.5805112936 
C68           5.7261767093      2.1021170374     -4.4122633989 
H69           6.6256852121      0.7521209461     -3.0814169333 
C70           4.5479697991      2.5226757550     -5.0917288832 
C71           3.3336614175      1.8100802830     -4.8908389150 
C72           2.1649337045      2.2011852319     -5.6081804780 
C73           2.2476718879      3.3139519171     -6.4586423041 
C74           3.4344789229      4.0226722432     -6.6269072292 
C75           4.5886550475      3.6323679244     -5.9561512117 
H76           1.3739881078      3.6419082902     -7.0085390246 
H77           3.4840807136      4.8825565973     -7.2855637170 
C78           2.0969371345     -0.0131721770     -3.7583272819 
C79           2.0525330576     -1.0585598134     -2.8006621652 
C80           0.8792867422     -1.8661333993     -2.7541277168 
C81          -0.2234994558     -1.5925566201     -3.5213754824 
H82           0.8432093478     -2.7527523794     -2.1401345487 
C83          -0.2318379382     -0.4787794613     -4.4077518690 
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C84           0.9399403044      0.3144157062     -4.5378978490 
C85           0.9446709786      1.4091308487     -5.4532286925 
C86          -0.2226796704      1.6685415205     -6.1880130395 
C87          -1.3619603104      0.8794032802     -6.0595103752 
C88          -1.3730450561     -0.1975808320     -5.1798625672 
H89          -0.2477273272      2.4925483625     -6.8905473713 
H90          -2.2519151487      1.0792480314     -6.6459546706 
C91           7.0011100954      2.8419249441     -4.5936713281 
N92           6.9734830053      3.9462061989     -5.4533812043 
C93           5.8447101482      4.3945843169     -6.1608709190 
C94           8.2377624290      4.6712747837     -5.6146898898 
O95           5.9047476989      5.3655378119     -6.9026345988 
O96           8.0410106422      2.5248337946     -4.0315958580 
C97          -2.5757963036     -1.0562171282     -5.0864456879 
N98          -2.5082921432     -2.1553604655     -4.2167745349 
C99          -1.4044266541     -2.4886744391     -3.4180837824 
C100         -3.7001012099     -3.0075984790     -4.1567799596 
O101         -3.5928224373     -0.8485737330     -5.7341077007 
O102         -1.4271147002     -3.4608557332     -2.6743170858 
H103          8.0592085579      5.5020051283     -6.2926408267 
H104          8.5816412198      5.0324390747     -4.6432598343 
H105          9.0000660330      4.0017559712     -6.0189399438 
H106         -3.5083476596     -3.7949781884     -3.4322494142 
H107         -4.5658756433     -2.4127208191     -3.8598400756 
H108         -3.9002775394     -3.4339210051     -5.1422607605 
C109          3.7097615010     -5.9963918456      2.5570438285 
C110          5.6849653380     -6.1354269017     -0.4796815076 
H111          4.7825586886     -5.7946790881      2.4953524714 
H112          3.2403519228     -5.2903265097      3.2518315047 
H113          3.5428918894     -7.0164797563      2.9075475679 
H114          4.8906542197     -6.8477502867     -0.2395373699 
H115          5.6605471531     -5.9021960915     -1.5506040958 
H116          6.6564351525     -6.5615311568     -0.2228117496 
   
Restricted Singlet Excited State   1:      
  2.1994 eV       563.71 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-3 =>  LUMO        -0.10911 
   HOMO-1 =>  LUMO+1    -0.49546 
   HOMO =>  LUMO           -0.85248 
   
  Transition dipole moment (debye): 
     X=     2.1911     Y=     0.4411      
  Z=  -1.4716  Tot=     2.6760 
   
  Oscillator strength, f=     0.0597 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State   2:      
  2.2144 eV       559.90 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-2 =>  LUMO      0.10531 
   HOMO-1 =>  LUMO     -0.42892 
   HOMO =>  LUMO+1    -0.88307 
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  Transition dipole moment (debye): 
     X=     0.4612     Y=    -1.2410      
  Z= 0.6630  Tot=     1.4806 
   
  Oscillator strength, f=     0.0184 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State   3:      
  2.2955 eV       540.12 nm 
   
   excitation     X coeff. 
  
 ------------   --------- 
   HOMO-3 =>  LUMO         -0.13048 
   HOMO-2  =>  LUMO        -0.13009 
   HOMO-2  =>  LUMO+1     0.38241 
   HOMO-1 =>  LUMO         -0.35829 
   HOMO-1 =>  LUMO+1      0.70703 
   HOMO =>  LUMO             -0.37567 
   HOMO =>  LUMO+1          0.17696 
   
  Transition dipole moment (debye): 
     X=     2.7541     Y=     1.1239      
  Z= 0.7256  Tot=     3.0618 
   
    Oscillator strength, f=     0.0816 
 ---------------------------------------------------- 
   
  Restricted Singlet Excited State   4:      
  2.2983 eV       539.47 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-3 =>  LUMO+1     0.11806 
   HOMO-2 =>  LUMO        -0.28694 
   HOMO-2 =>  LUMO+1    -0.18368 
   HOMO-1 =>  LUMO        -0.77348 
   HOMO-1 =>  LUMO+1    -0.33324 
   HOMO =>  LUMO             0.17650 
   HOMO =>  LUMO+1         0.32817 
   
  Transition dipole moment (debye): 
     X=    -0.5787     Y=    -1.8561      
  Z= 0.1862  Tot=     1.9532 
   
  Oscillator strength, f=     0.0332 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State   5:      
  2.4940 eV       497.14 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-3 =>  LUMO+1     0.20489 
   HOMO-2 =>  LUMO         0.90594 
   HOMO-1 =>  LUMO        -0.23055 
   HOMO-1 =>  LUMO+2     0.12595 
   HOMO =>  LUMO+1        0.18552 
   HOMO =>  LUMO+3      -0.10745 
   
  Transition dipole moment (debye): 
     X=    -0.8142     Y=     2.1419      
  Z= -1.0870  Tot=     2.5361 
   
  Oscillator strength, f=     0.0608 
 ----------------------------------------------------- 
  
  Restricted Singlet Excited State   6:      
  2.5010 eV       495.73 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-3 =>  LUMO        -0.40388 
   HOMO-2 =>  LUMO+1    -0.83391 
   HOMO-1 =>  LUMO+1     0.29490 
   HOMO =>  LUMO            -0.15501 
   
  Transition dipole moment (debye): 
     X=     4.6828     Y=     1.5194      
   Z= -2.1029  Tot=     5.3534 
   
  Oscillator strength, f=     0.2718 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State   7:      
  2.7070 eV       458.01 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-3 =>  LUMO+1     0.92809 
   HOMO-2 =>  LUMO        -0.18354 
   HOMO-1 =>  LUMO         0.12435 
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   HOMO-1 =>  LUMO+2     0.17491 
   HOMO =>  LUMO+1       -0.15612 
   HOMO =>  LUMO+3       -0.11575 
   
  Transition dipole moment (debye): 
     X=    -0.2535     Y=     0.7636      
  Z= -0.2444  Tot=     0.8409 
   
  Oscillator strength, f=     0.0073 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State   8:      
  2.7263 eV       454.77 nm 
   
   excitation      X coeff. 
  ------------   --------- 
   HOMO-3 =>  LUMO        -0.86865 
   HOMO-2 =>  LUMO+1     0.31278 
   HOMO-1 =>  LUMO+1    -0.18374 
   HOMO =>  LUMO             0.23897 
   HOMO =>  LUMO+2         0.15343 
   
  Transition dipole moment (debye): 
     X=    -5.1380     Y=    -3.2027      
  Z= -0.6309  Tot=     6.0872 
   
  Oscillator strength, f=     0.3831 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State   9:      
  3.0251 eV       409.86 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-4 =>  LUMO        -0.17602 
   HOMO-3 =>  LUMO         0.17070 
   HOMO-3 =>  LUMO+2     0.11572 
   HOMO =>  LUMO+2         0.94588 
   
  Transition dipole moment (debye): 
     X=    -0.0874     Y=     1.1406      
   Z= 2.9201  Tot=     3.1362 
   
  Oscillator strength, f=     0.1128 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State  10:      
  3.0452 eV       407.15 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-4 =>  LUMO+1     0.52857 
   HOMO-3 =>  LUMO+1    -0.19286 
   HOMO-3 =>  LUMO+3    -0.12062 
   HOMO-2 =>  LUMO+2     0.26617 
   HOMO-1 =>  LUMO+2     0.60270 
   HOMO =>  LUMO+3       -0.44421 
   
  Transition dipole moment (debye): 
     X=     0.1619     Y=    -0.4630      
   Z= -0.0100  Tot=     0.4906 
   
  Oscillator strength, f=     0.0028 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State  11:      
  3.0981 eV       400.19 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-4 =>  LUMO         0.92761 
   HOMO-2 =>  LUMO+3    -0.11865 
   HOMO-1 =>  LUMO+3     0.20517 
   HOMO =>  LUMO+2        0.20068 
   HOMO =>  LUMO+8        0.10152 
   
  Transition dipole moment (debye): 
     X=    -1.4040     Y=    -0.2670      
  Z= 1.1252  Tot=     1.8189 
   
  Oscillator strength, f=     0.0389 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State  12:      
  3.1236 eV       396.93 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-4 =>  LUMO+1    -0.77321 
   HOMO-3 =>  LUMO+3    -0.17299 
   HOMO-2 =>  LUMO+2     0.39945 
   HOMO-1 =>  LUMO+2     0.39257 
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   HOMO-1 =>  LUMO+8     0.10120 
   
  Transition dipole moment (debye): 
     X=     0.5488     Y=    -1.0852     Z=      
  0.5105  Tot=     1.3189 
   
  Oscillator strength, f=     0.0206 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State  13:      
  3.2659 eV       379.63 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-5 =>  LUMO        -0.19165 
   HOMO-2 =>  LUMO+2    -0.56082 
   HOMO-1 =>  LUMO+2     0.59300 
   HOMO =>  LUMO+3        0.50791 
   
  Transition dipole moment (debye): 
     X=    -0.0424     Y=    -0.0329      
  Z= 0.0657  Tot=     0.0849 
   
  Oscillator strength, f=     0.0001 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State  14:      
  3.3023 eV       375.44 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-9 =>  LUMO          0.15460 
   HOMO-9 =>  LUMO+1    -0.18845 
   HOMO-9 =>  LUMO+4     0.10635 
   HOMO-9 =>  LUMO+5    -0.11989 
   HOMO-7 =>  LUMO         0.14153 
   HOMO-7 =>  LUMO+1    -0.39011 
   HOMO-6 =>  LUMO        -0.64551 
   HOMO-6 =>  LUMO+1     0.53091 
   
  Transition dipole moment (debye): 
     X=    -0.0540     Y=    -0.0281      
  Z= 0.0060  Tot=     0.0612 
   
  Oscillator strength, f=     0.0000 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State  15:      
  3.3025 eV       375.43 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-8 =>  LUMO        -0.15502 
   HOMO-8 =>  LUMO+1    -0.19297 
   HOMO-8 =>  LUMO+4    -0.11016 
   HOMO-8 =>  LUMO+5    -0.11523 
   HOMO-7 =>  LUMO         0.65526 
   HOMO-7 =>  LUMO+1     0.51639 
   HOMO-6 =>  LUMO         0.15859 
   HOMO-6 =>  LUMO+1     0.37967 
   
  Transition dipole moment (debye): 
     X=    -0.0733     Y=    -0.0450      
  Z= -0.0056  Tot=     0.0862 
   
  Oscillator strength, f=     0.0001 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State  16:      
  3.3107 eV       374.50 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-9 =>  LUMO+1    -0.32565 
   HOMO-8 =>  LUMO         0.68351 
   HOMO-8 =>  LUMO+1     0.52261 
   HOMO-7 =>  LUMO         0.14764 
   HOMO-7 =>  LUMO+1     0.14044 
   HOMO-7 =>  LUMO+5    -0.11931 
   HOMO-6 =>  LUMO          0.11695 
   HOMO-5 =>  LUMO          0.13704 
   
  Transition dipole moment (debye): 
     X=     0.2030     Y=    -0.0529      
  Z= -0.1712  Tot=     0.2707 
   
  Oscillator strength, f=     0.0009 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State  17:      
  3.3110 eV       374.46 nm 
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   excitation     X coeff. 
  ------------   --------- 
   HOMO-9 =>  LUMO        -0.66302 
   HOMO-9 =>  LUMO+1     0.53541 
   HOMO-8 =>  LUMO+1     0.30119 
   HOMO-7 =>  LUMO         0.14936 
   HOMO-6 =>  LUMO        -0.14137 
   HOMO-6 =>  LUMO+1     0.16417 
   HOMO-6 =>  LUMO+5    -0.11709 
   HOMO-5 =>  LUMO+1     0.12645 
   HOMO-1 =>  LUMO+3     0.13832 
   
  Transition dipole moment (debye): 
     X=     0.3953     Y=     0.0800      
  Z= -0.4888  Tot=     0.6337 
   
  Oscillator strength, f=     0.0050 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State  18:      
  3.3286 eV       372.48 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-4 =>  LUMO          0.21604 
   HOMO-1 =>  LUMO+3    -0.93422 
   
  Transition dipole moment (debye): 
     X=    -4.0268     Y=    -0.8034      
  Z= 3.4747  Tot=     5.3790 
   
  Oscillator strength, f=     0.3652 
 ----------------------------------------------------- 
 
  Restricted Singlet Excited State  19:      
  3.4495 eV       359.43 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-15 =>  LUMO+1    -0.11213 
   HOMO-12 =>  LUMO        -0.14599 
   HOMO-11 =>  LUMO+1     0.14764 
   HOMO-5 =>  LUMO           0.45510 
   HOMO-4 =>  LUMO+1       0.25132 
   HOMO-2 =>  LUMO+2       0.48036 
   HOMO =>  LUMO+3          0.59245 
   
  Transition dipole moment (debye): 
     X=    -2.1021     Y=     3.5609      
  Z= -1.4997  Tot=     4.3986 
   
  Oscillator strength, f=     0.2531 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State  20:     
  3.4649 eV       357.82 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-11 =>  LUMO       0.15455 
   HOMO-5 =>  LUMO+1     0.78115 
   HOMO-3 =>  LUMO+2    -0.48436 
   HOMO-2 =>  LUMO+3     0.22547 
   HOMO =>  LUMO+4       -0.12282 
   
  Transition dipole moment (debye): 
     X=    -0.1367     Y=    -0.0575      
  Z= -0.2912  Tot=     0.3268 
   
  Oscillator strength, f=     0.0014 
 




Simulated UV-Vis spectrum of PPDHb shown at 35 nm full width at half maximum. For ease of 
representation, only a limited number of transitions from the list above are selected and labeled. 
 
PPDHa 
B3LYP/6-31G** optimized geometry 
Total energy =  -3354.30691532308 hartrees 
angstroms 
atom               x                 y                 z 
C1           -2.1825497627      2.3646560901      0.5642590288 
C2           -2.3311990342      0.9473396360      0.6142325285 
C3           -3.6326258133      0.3828062069      0.7173625847 
C4           -4.7698597722      1.2114987737      0.7198552691 
C5           -4.6130520846      2.5914442904      0.6393076515 
C6           -3.3411544063      3.1562672986      0.5694617036 
C7           -1.1944491725      0.0789899441      0.5685160729 
C8           -1.3572951154     -1.3182444480      0.7087202744 
C9           -2.6726642468     -1.8443531697      0.8362093940 
C10          -3.7762523313     -1.0299459981      0.8200673835 
C11          -5.1262558308     -1.6429916531      0.9040079896 
N12          -6.2185285434     -0.7690334209      0.8696219768 
C13          -6.1345020186      0.6325351371      0.7985908192 
C14          -0.8309694905      2.9298789953      0.5413201136 
C15           0.2913216198      2.0491575481      0.4755506099 
C16           0.1196271254      0.6280881949      0.4300483123 
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C17          -0.5870339442      4.3106135527      0.6027554415 
C18           0.7053809046      4.8298245361      0.6163868064 
C19           1.8053602630      3.9804088846      0.5592726976 
C20           1.6064187463      2.5907367724      0.4750537014 
C21           2.7243552835      1.7098411410      0.4306898059 
C22           2.5379788605      0.3551211655      0.3357614853 
C23           1.2390650937     -0.2300358563      0.2842089163 
C24           3.1756387790      4.5436994595      0.6178125216 
N25           4.2405298814      3.6298581940      0.6137277191 
C26           4.1124669790      2.2378878000      0.4991329208 
C27          -7.5446775066     -1.3922604035      0.9305253111 
C28           5.5875267511      4.2022707797      0.7071227562 
O29           3.3978486391      5.7456100477      0.6814394228 
O30           5.0967158642      1.5102796891      0.4568807883 
O31          -5.3061262985     -2.8507213894      0.9944672970 
O32          -7.1408417845      1.3283745218      0.7962132003 
C33           1.0504631032     -1.6688510699      0.2542451371 
C34          -0.2016192432     -2.1870125774      0.6688503614 
C35           2.1147882900     -2.6084352431     -0.0459346356 
C36           2.0605833275     -3.8837590586      0.5795990285 
C37           0.8290756377     -4.3322150309      1.1359253988 
C38          -0.2874640679     -3.5508115651      1.0824896308 
C39           3.2370478836     -2.3395369834     -0.9190595117 
C40           4.4367481583     -3.0658890156     -0.6834382360 
C41           4.4095939755     -4.2427410480      0.1181839858 
C42           3.2316062280     -4.6925557819      0.6436855706 
C43           3.2216699067     -1.4149314003     -2.0394681101 
C44           4.4562454166     -0.8842839981     -2.4888289404 
C45           5.6730919082     -1.4911766621     -2.0512490310 
C46           5.6527944926     -2.6044301366     -1.2629863170 
H47          -5.5012172675      3.2134590926      0.6378786769 
H48          -3.2612557279      4.2353351397      0.5187355932 
H49          -2.8461623198     -2.9105468656      0.9007977274 
H50          -1.4172533864      5.0042253146      0.6591381071 
H51           0.8782319326      5.8983715752      0.6822286368 
H52           3.4218322258     -0.2646038930      0.3497466782 
H53          -8.2869805505     -0.6033075839      0.8410510333 
H54          -7.6464833186     -2.1150326982      0.1186354263 
H55          -7.6639547653     -1.9245922737      1.8769948257 
H56           5.6233361272      4.9050438804      1.5404170353 
H57           6.2877954596      3.3838877751      0.8534219337 
H58           5.8332390211      4.7448190481     -0.2092152517 
H59           0.7845201090     -5.3279303726      1.5675264899 
H60          -1.2285099785     -3.9451460266      1.4441862417 
H61           5.3309123218     -4.8019782664      0.2534809292 
H62           3.1794213551     -5.6452349990      1.1625791361 
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H63           6.6212020488     -1.1229893970     -2.4209816134 
H64           6.5723791109     -3.1355276428     -1.0352954500 
C65           3.2604164895      0.6383396320     -4.0354250978 
C66           4.4637141670      0.2266630758     -3.4169170019 
C67           5.6556159657      0.9518928244     -3.6939510218 
C68           5.6588053411      2.0381135448     -4.5311633214 
H69           6.5928043919      0.6952183933     -3.2183904005 
C70           4.4630536306      2.4552435848     -5.1813350566 
C71           3.2566033430      1.7375126800     -4.9524736186 
C72           2.0699493214      2.1201195096     -5.6458725487 
C73           2.1264883846      3.2380560477     -6.4924974214 
C74           3.3058578959      3.9542506567     -6.6845119758 
C75           4.4784016110      3.5668686351     -6.0445753467 
H76           1.2390505982      3.5649090161     -7.0193472247 
H77           3.3348599879      4.8179725819     -7.3395115298 
C78           2.0509074959     -0.0831934301     -3.7825561976 
C79           2.0285352735     -1.1150846980     -2.8099935989 
C80           0.8610205602     -1.9295666437     -2.7320309875 
C81          -0.2535818755     -1.6804271253     -3.4917943635 
H82           0.8405889980     -2.8051399604     -2.1012456209 
C83          -0.2834048605     -0.5796254125     -4.3950834220 
C84           0.8785826176      0.2259118190     -4.5473816644 
C85           0.8599097606      1.3143768338     -5.4708942969 
C86          -0.3184468351      1.5515863735     -6.1963723828 
C87          -1.4452481133      0.7466147772     -6.0502693403 
C88          -1.4355802785     -0.3215442761     -5.1594534320 
H89          -0.3610942013      2.3668230175     -6.9072202725 
H90          -2.3419002007      0.9283945762     -6.6323847345 
C91           6.9293448876      2.7765155213     -4.7506367231 
N92           6.8769933132      3.8812449870     -5.6089106918 
C93           5.7266086537      4.3357428133     -6.2772756058 
C94           8.1371532357      4.6053593265     -5.8068486642 
O95           5.7638582965      5.3146652177     -7.0106267156 
O96           7.9860424153      2.4579116491     -4.2211394241 
C97          -2.6259317065     -1.1974838740     -5.0466079035 
N98          -2.5408127169     -2.2750477317     -4.1523704107 
C99          -1.4243602201     -2.5860440902     -3.3623605423 
C100         -3.7227296647     -3.1386736675     -4.0647913075 
O101         -3.6470358155     -1.0187218090     -5.6971455369 
O102         -1.4292476141     -3.5473689031     -2.6041389457 
H103          7.9449957691      5.4235811799     -6.4961955111 
H104          8.4994534768      4.9861273318     -4.8494268788 
H105          8.8923837103      3.9284903235     -6.2116497072 
H106         -3.5517541522     -3.8561008361     -3.2662802860 
H107         -4.6048469060     -2.5304416711     -3.8596050394 




  Restricted Singlet Excited State   1:      
  2.2136 eV       560.11 nm 
 
 excitation     X coeff. 
  ------------   --------- 
   HOMO-3 =>  LUMO         0.13047 
   HOMO-1 =>  LUMO+1    -0.36785 
   HOMO =>  LUMO           -0.91680 
   
  Transition dipole moment (debye): 
     X=    -2.5697     Y=    -0.8561      
  Z= 1.4840  Tot=     3.0884 
   
  Oscillator strength, f=     0.0801 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State   2:      
  2.2312 eV       555.69 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-1 =>  LUMO     -0.37572 
   HOMO =>  LUMO+1    -0.91712 
   
  Transition dipole moment (debye): 
     X=    -0.5835     Y=     0.8871      
  Z= -0.3855  Tot=     1.1296 
   
  Oscillator strength, f=     0.0108 
 ----------------------------------------------------- 
   
   
 
Restricted Singlet Excited State   3:      
  2.3857 eV       519.70 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-3 =>  LUMO+1     -0.17611 
   HOMO-2 =>  LUMO          0.31161 
   HOMO-1 =>  LUMO        -0.86374 
   HOMO =>  LUMO+1        0.32718 
   
   
Transition dipole moment (debye): 
     X=    -0.3208     Y=     0.0556      
  Z= 0.0341  Tot=     0.3274 
   
  Oscillator strength, f=     0.0010 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State   4:      
  2.4107 eV       514.30 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-3 =>  LUMO          0.25271 
   HOMO-2 =>  LUMO+1    -0.40311 
   HOMO-1 =>  LUMO+1     0.81908 
   HOMO =>  LUMO           -0.28766 
   
  Transition dipole moment (debye): 
     X=    -4.2084     Y=    -2.3244      
  Z=  0.1421  Tot=     4.8097 
   
  Oscillator strength, f=     0.2115 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State   5:      
  2.5447 eV       487.23 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-3 =>  LUMO        -0.36853 
   HOMO-2 =>  LUMO+1    -0.85960 
   HOMO-1 =>  LUMO+1    -0.29278 
   HOMO-1 =>  LUMO+3     0.10909 
   
  Transition dipole moment (debye): 
     X=     3.0354     Y=     0.4303      
  Z= -2.2792  Tot=     3.8201 
   
  Oscillator strength, f=     0.1408 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State   6:      
  2.5508 eV       486.06 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-3 =>  LUMO+1    -0.14627 
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   HOMO-2 =>  LUMO        -0.90971 
   HOMO-1 =>  LUMO        -0.26449 
   HOMO-1 =>  LUMO+2     0.13558 
   HOMO =>  LUMO+1        0.11117 
   HOMO =>  LUMO+3       -0.16955 
   
  Transition dipole moment (debye): 
     X=     0.8624     Y=    -2.2528      
  Z= 1.1692  Tot=     2.6806 
   
  Oscillator strength, f=     0.0695 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State   7:      
  2.7162 eV       456.47 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-3 =>  LUMO         0.11614 
   HOMO-3 =>  LUMO+1    -0.92730 
   HOMO-2 =>  LUMO         0.13272 
   HOMO-1 =>  LUMO         0.16736 
   HOMO-1 =>  LUMO+2     0.16659 
   HOMO =>  LUMO+1       -0.15063 
   HOMO =>  LUMO+3       -0.11268 
   
  Transition dipole moment (debye): 
     X=     0.8625     Y=    -0.2002      
  Z= 0.2345  Tot=     0.9160 
   
  Oscillator strength, f=     0.0086 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State   8:      
  2.7302 eV       454.13 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-3 =>  LUMO          0.85153 
   HOMO-3 =>  LUMO+1     0.12604 
   HOMO-2 =>  LUMO+1    -0.26610 
   HOMO-1 =>  LUMO+1    -0.29203 
   HOMO =>  LUMO             0.23787 
   HOMO =>  LUMO+2         0.13932 
   
  Transition dipole moment (debye): 
     X=     5.2292     Y=     3.2302      
  Z= 0.5136  Tot=     6.1679 
   
  Oscillator strength, f=     0.3939 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State   9:      
  3.0560 eV       405.71 nm 
   
   excitation     X coeff. 
  ------------   ---------  
   HOMO-4 =>  LUMO         -0.21411 
   HOMO-3 =>  LUMO        -0.16221 
   HOMO-3 =>  LUMO+2    -0.11509 
   HOMO =>  LUMO+2     0.93945 
   
  Transition dipole moment (debye): 
     X=     0.1461     Y=    -1.2442     
 
  Z= -3.0535  Tot=     3.3005 
   
  Oscillator strength, f=     0.1262 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State  10:      
  3.0980 eV       400.21 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-4 =>  LUMO+1     0.75396 
   HOMO-3 =>  LUMO+1     0.14918 
   HOMO-2 =>  LUMO          0.11780 
   HOMO-2 =>  LUMO+2    -0.21848 
   HOMO-2 =>  LUMO+2     0.26659 
   HOMO =>  LUMO+3       -0.49329 
   
  Transition dipole moment (debye): 
     X=    -0.3509     Y=     0.4947      
  Z= -0.0646  Tot=     0.6099 
   
  Oscillator strength, f=     0.0044 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State  11:      
  3.1223 eV       397.09 nm 
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   excitation     X coeff. 
  ------------   --------- 
   HOMO-4 =>  LUMO          0.90768 
   HOMO-1 =>  LUMO+3     0.26559 
   HOMO =>  LUMO+2         0.24154 
   HOMO =>  LUMO+8         0.10068 
   
  Transition dipole moment (debye): 
     X=     1.0936     Y=     0.2235      
  Z= -1.0977  Tot=     1.5655 
   
  Oscillator strength, f=     0.0290 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State  12:      
  3.2095 eV       386.30 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-4 =>  LUMO+1     0.57124 
   HOMO-3 =>  LUMO+3    -0.24053 
   HOMO-2 =>  LUMO+2     0.53001 
   HOMO-1 =>  LUMO+2    -0.14452 
   HOMO =>  LUMO+3         0.49289 
   
  Transition dipole moment (debye): 
     X=     1.1601     Y=    -2.0057      
  Z= 0.9037  Tot=     2.4870 
   
  Oscillator strength, f=     0.0753 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State  13:      
  3.2819 eV       377.78 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-9 =>  LUMO         -0.14136 
   HOMO-5 =>  LUMO          0.11636 
   HOMO-3 =>  LUMO+1    -0.12191 
   HOMO-1 =>  LUMO+2    -0.87206 
   HOMO =>  LUMO+3       -0.36694 
   
  Transition dipole moment (debye): 
     X=     0.3332     Y=    -0.4694      
  Z= 0.1413  Tot=     0.5927 
   
  Oscillator strength, f=     0.0044 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State  14:      
  3.2998 eV       375.74 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-8 =>  LUMO         0.57376 
   HOMO-8 =>  LUMO+1    -0.52210 
   HOMO-8 =>  LUMO+4    -0.14112 
   HOMO-8 =>  LUMO+5    -0.14075 
   HOMO-7 =>  LUMO         -0.11002 
   HOMO-6 =>  LUMO        -0.25775 
   HOMO-6 =>  LUMO+1     0.15197 
   HOMO-5 =>  LUMO         0.29499 
   HOMO-5 =>  LUMO+1    -0.34221 
   
  Transition dipole moment (debye): 
     X=     0.0437     Y=     0.0078      
  Z= -0.0314  Tot=     0.0543 
   
  Oscillator strength, f=     0.0000 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State  15:      
  3.3003 eV       375.68 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-8 =>  LUMO+1    -0.13728 
   HOMO-7 =>  LUMO         0.61064 
   HOMO-7 =>  LUMO+1     0.62574 
   HOMO-7 =>  LUMO+4    -0.14990 
   HOMO-7 =>  LUMO+5     0.13082 
   HOMO-6 =>  LUMO         0.14907 
   HOMO-6 =>  LUMO+1     0.19854 
   HOMO-5 =>  LUMO         0.23658 
   HOMO-5 =>  LUMO+1     0.14604 
   
  Transition dipole moment (debye): 
     X=    -0.0008     Y=    -0.0194      
  Z= 0.0077  Tot=     0.0209 
   




   
  Restricted Singlet Excited State  16:      
  3.3051 eV       375.14 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-9 =>  LUMO        -0.19346 
   HOMO-9 =>  LUMO+1     0.24490 
   HOMO-8 =>  LUMO          0.39086 
   HOMO-8 =>  LUMO+1    -0.35373 
   HOMO-7 =>  LUMO+1    -0.10065 
   HOMO-6 =>  LUMO         0.52238 
   HOMO-6 =>  LUMO+1    -0.24968 
   HOMO-6 =>  LUMO+4     0.10091 
   HOMO-5 =>  LUMO        -0.28908 
   HOMO-5 =>  LUMO+1     0.34856 
   HOMO-5 =>  LUMO+5    -0.10747 
   
  Transition dipole moment (debye): 
     X=    -0.1122     Y=     0.0691     Z=      
  0.2005  Tot=     0.2399 
   
  Oscillator strength, f=     0.0007 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State  17:      
  3.3066 eV       374.96 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-9 =>  LUMO         0.29690 
   HOMO-9 =>  LUMO+1     0.17003 
   HOMO-8 =>  LUMO        -0.12352 
   HOMO-7 =>  LUMO        -0.27316 
   HOMO-7 =>  LUMO+1    -0.23739 
   HOMO-6 =>  LUMO         0.40322 
   HOMO-6 =>  LUMO+1     0.53161 
   HOMO-6 =>  LUMO+5    -0.12477 
   HOMO-5 =>  LUMO          0.41062 
   HOMO-5 =>  LUMO+1      0.22268 
   
  Transition dipole moment (debye): 
     X=    -0.0085     Y=    -0.0292      
  Z= 0.1554  Tot=     0.1583 
   
  Oscillator strength, f=     0.0003 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State  18:     
  3.3541 eV       369.65 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-4 =>  LUMO          0.27739 
   HOMO-2 =>  LUMO+3     0.15924 
   HOMO-1 =>  LUMO+3    -0.91730 
   
  Transition dipole moment (debye): 
     X=     3.3030     Y=     0.5397      
  Z= -3.1973  Tot=     4.6286 
   
  Oscillator strength, f=     0.2725 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State  19:      
  3.5138 eV       352.85 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-14 =>  LUMO        -0.13882 
   HOMO-14 =>  LUMO+1     0.24200 
   HOMO-12 =>  LUMO         0.44063 
   HOMO-12 =>  LUMO+1    -0.23780 
   HOMO-11 =>  LUMO        -0.22887 
   HOMO-10 =>  LUMO         0.37037 
   HOMO-10 =>  LUMO+1    -0.48523 
   HOMO-9 =>  LUMO          -0.27289 
   HOMO-5 =>  LUMO           0.19775 
   HOMO-2 =>  LUMO+2      -0.20486 
   HOMO =>  LUMO+3          0.16180 
   
  Transition dipole moment (debye): 
     X=     0.7011     Y=    -1.0255      
  Z= 0.3112  Tot=     1.2807 
   
  Oscillator strength, f=     0.0219 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State  20:      
  3.5194 eV       352.29 nm 
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   excitation     X coeff. 
  ------------   --------- 
   HOMO-14 =>  LUMO        -0.31622 
   HOMO-14 =>  LUMO+1    -0.15302 
   HOMO-12 =>  LUMO         -0.17282 
   HOMO-12 =>  LUMO+1    -0.44696 
   HOMO-11 =>  LUMO          0.30640 
   HOMO-11 =>  LUMO+1      0.41568 
   HOMO-10 =>  LUMO          0.44651 
   HOMO-10 =>  LUMO+1      0.11264 
   HOMO-9 =>  LUMO            0.13533 
   HOMO-5 =>  LUMO           -0.10344 
   HOMO-3 =>  LUMO+2        0.19620 
   HOMO-2 =>  LUMO+2        0.13555 
   HOMO_2 =>  LUMO+3       0.17698 
   HOMO =>  LUMO+3         -0.10381 
   
  Transition dipole moment (debye): 
     X=    -0.0603     Y=     0.7066      
  Z= -0.5898  Tot=     0.9223 
   




   
 
 
Simulated UV-Vis spectrum of PPDHa shown at 30 nm full width at half maximum. For ease of 





B3LYP/6-31G** optimized geometry 
Total energy = -3354.32262886596 hartrees 
 
angstroms 
atom               x                 y                 z 
C1            0.1469196515      3.4161950451      3.3037084652 
C2           -0.7260532238      2.2957728989      3.4361563417 
C3           -1.8305777977      2.3684355978      4.3290863537 
C4           -2.0940603206      3.5523880971      5.0430088841 
C5           -1.2559904971      4.6500002093      4.8800168198 
C6           -0.1528040808      4.5769886424      4.0319355190 
C7           -0.5042164416      1.0901466897      2.6998704525 
C8           -1.3331067240     -0.0371710657      2.9018172153 
C9           -2.4098078035      0.0646332229      3.8248041957 
C10          -2.6651439453      1.2291433196      4.5036923367 
C11          -3.8270962012      1.2835941700      5.4264904555 
N12          -4.0456099466      2.4917869192      6.0965045891 
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C13          -3.2501733044      3.6440630435      5.9676995517 
C14           1.3342293647      3.2912957748      2.4548258065 
C15           1.5498722251      2.0747711117      1.7423927041 
C16           0.6065402524      0.9980251040      1.8020400751 
C17           2.2865700585      4.3136554049      2.3310353959 
C18           3.4391483971      4.1553959045      1.5665134796 
C19           3.6782190797      2.9596363974      0.8983957447 
C20           2.7316690102      1.9212721651      0.9684885797 
C21           2.9743251240      0.6847177581      0.3049581123 
C22           2.0335561527     -0.3131659269      0.3283938440 
C23           0.7922618961     -0.1655626631      1.0157074849 
C24           4.9351693092      2.7830882993      0.1349492240 
N25           5.1531001419      1.5272099086     -0.4499741530 
C26           4.2519301260      0.4522418689     -0.4193639180 
C27          -5.2004844984      2.5309367293      6.9996786162 
C28           6.4263818598      1.3559947242     -1.1562732091 
O29           5.7735336724      3.6674739685      0.0209990556 
O30           4.5130814128     -0.6105891902     -0.9662535939 
O31          -4.5742752756      0.3314500607      5.6107798095 
O32          -3.5075336367      4.6646921715      6.5911032031 
C33          -0.1880473155     -1.2413876421      1.0562725297 
C34          -1.1088273683     -1.2480685376      2.1390349909 
C35          -0.1933512249     -2.3618359634      0.1410693830 
C36          -0.7520024225     -3.5825648413      0.5875724427 
C37          -1.5214064966     -3.6102008977      1.7804429705 
C38          -1.7698925134     -2.4624791841      2.4791192749 
C39           0.2605202580     -2.3151254462     -1.2459263552 
C40           0.4669962347     -3.5393702589     -1.9610931241 
C41           0.0909439189     -4.7832571410     -1.3570536499 
C42          -0.5564138216     -4.7903637274     -0.1638107521 
C43           0.3805819714     -1.1246592529     -1.9733082485 
C44           0.8109573243     -1.0787616838     -3.3041764951 
C45           1.1614485575     -2.3016113302     -3.9610962692 
C46           0.9466393967     -3.4991859453     -3.2744019370 
H47          -1.4741985096      5.5553330356      5.4356932745 
H48           0.4846873566      5.4484468284      3.9500549959 
H49          -3.0887927586     -0.7601237854      3.9968324970 
H50           2.1417239317      5.2534596121      2.8485345585 
H51           4.1732675986      4.9498470880      1.4893805390 
H52           2.2793397502     -1.2393423095     -0.1701606787 
H53          -5.2482005199      3.5258779481      7.4349205490 
H54          -6.1127814500      2.3098583507      6.4417168687 
H55          -5.0861087748      1.7749900705      7.7796213650 
H56           7.2540899441      1.5640855375     -0.4752999594 
H57           6.4710945887      0.3304507318     -1.5140695396 
H58           6.4869755031      2.0564918021     -1.9920671585 
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H59          -1.9539352028     -4.5533898268      2.1014942958 
H60          -2.4184961164     -2.5019367947      3.3449853680 
H61           0.2694204627     -5.7061257359     -1.9012126743 
H62          -0.9309247690     -5.7188103898      0.2579914214 
H63           1.1138030062     -4.4492795042     -3.7666387802 
C64           1.3515116428      0.1869524914     -5.3749306979 
C65           0.9113033634      0.1790496990     -4.0312187954 
C66           0.5886589887      1.4150052941     -3.4122023605 
C67           0.6634117656      2.6043255730     -4.0927876232 
H68           0.2789166783      1.4691517700     -2.3770442993 
C69           1.0740372771      2.6343265357     -5.4532388990 
C70           1.4337537858      1.4194190236     -6.1014398558 
C71           1.8743341604      1.4605175367     -7.4593092326 
C72           1.9089331672      2.7002890270     -8.1128955005 
C73           1.5394868527      3.8816430066     -7.4716126697 
C74           1.1273940385      3.8609972484     -6.1450804914 
H75           2.2376197446      2.7616435663     -9.1423460658 
H76           1.5755066331      4.8336543937     -7.9895770104 
C77           1.7449095496     -1.0397687646     -6.0197181267 
C78           1.6717038927     -2.2668634569     -5.3233451080 
C79           2.1115652666     -3.4481070217     -5.9739908545 
C80           2.5851858199     -3.4340704764     -7.2616547710 
H81           2.0983393570     -4.4051770417     -5.4699654237 
C82           2.6464589763     -2.2152391240     -7.9904248048 
C83           2.2237274373     -1.0056480397     -7.3699826897 
C84           2.2880630317      0.2138251534     -8.1101964813 
C85           2.7604815531      0.1704468805     -9.4296523620 
C86           3.1764847723     -1.0199313857    -10.0246685369 
C87           3.1281485077     -2.2123785141     -9.3145682200 
H88           2.8147554630      1.0782505772    -10.0165378217 
H89           3.5475277156     -1.0372775438    -11.0435491441 
C90           0.3244451377      3.8614895212     -3.3785198872 
N91           0.3935885550      5.0455191167     -4.1194997840 
C92           0.7596096428      5.1325457504     -5.4743583420 
C93           0.0483997041      6.2779094321     -3.4045844506 
O94           0.7792921117      6.2081343790     -6.0575674168 
O95          -0.0028185397      3.8890405190     -2.1984891538 
C96           3.5863488629     -3.4687465302     -9.9550517265 
N97           3.5072763446     -4.6411561029     -9.1893614041 
C98           3.0328606257     -4.7136598240     -7.8723358229 
C99           3.9713070691     -5.8720591566     -9.8380251968 
O100          4.0209063003     -3.5109408870    -11.0983761878 
O101          2.9937907436     -5.7765817519     -7.2658616193 
H102          0.1763164522      7.1086734991     -4.0938805705 
H103         -0.9848626097      6.2268388201     -3.0537721787 
H104          0.6992428681      6.3921714851     -2.5356279746 
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H105          3.8183287050     -6.6919305526     -9.1407435622 
H106          3.4091640517     -6.0378931193    -10.7589482514 
H107          5.0291060129     -5.7801929520    -10.0943727526 
H108          0.1029538329     -0.2069726208     -1.4791147279 
 
Restricted Singlet Excited State   1:     
2.0812 eV       595.74 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-3 =>  LUMO     -0.11022 
   HOMO =>  LUMO        -0.94908 
   HOMO =>  LUMO+1     0.25497 
   
  Transition dipole moment (debye): 
     X=    -0.1927     Y=     2.7632      
  Z= 0.0241  Tot=     2.7700 
   
  Oscillator strength, f=     0.0606 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State   2:        
  2.1271 eV       582.88 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-3 =>  LUMO+1    -0.10852 
   HOMO-1 =>  LUMO          0.15118 
   HOMO =>  LUMO            -0.24167 
   HOMO =>  LUMO+1        -0.94525 
   
  Transition dipole moment (debye): 
     X=    -2.2213     Y=     1.7575      
  Z= 1.8454  Tot=     3.3806 
   
  Oscillator strength, f=     0.0922 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State   3:      
  2.3848 eV       519.89 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-2 =>  LUMO        -0.20651 
   HOMO-1 =>  LUMO        -0.95188 
   HOMO-1 =>  LUMO+1    -0.10636 
   HOMO =>  LUMO+1        -0.11201 
   
  Transition dipole moment (debye): 
     X=    -2.7161     Y=     2.6827      
  Z= 4.1992  Tot=     5.6752 
   
  Oscillator strength, f=     0.2913 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State   4:      
  2.5009 eV       495.75 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-3 =>  LUMO       0.13818 
   HOMO-2 =>  LUMO        -0.51342 
   HOMO-2 =>  LUMO+1     0.35259 
   HOMO-1 => LUMO+1      0.73792 
   HOMO =>  LUMO+3         0.10944 
   
  Transition dipole moment (debye): 
     X=    -1.7042     Y=     0.5022      
  Z= 3.8240  Tot=     4.2166 
   
  Oscillator strength, f=     0.1686 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State   5:      
  2.5526 eV       485.72 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-2 =>  LUMO         0.74274 
   HOMO-1 =>  LUMO        -0.22088 
   HOMO-1 =>  LUMO+1     0.59143 
   
  Transition dipole moment (debye): 
     X=    -3.4423     Y=     1.7213      
  Z= 0.0381  Tot=     3.8488 
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  Oscillator strength, f=     0.1434 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State   6:      
  2.6460 eV       468.58 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-3 =>  LUMO         -0.11534 
   HOMO-2 =>  LUMO          0.27953 
   HOMO-2 =>  LUMO+1     0.89699 
   HOMO-1 =>  LUMO+1    -0.22934 
   HOMO-1 =>  LUMO+3    -0.15700 
   
  Transition dipole moment (debye): 
     X=     1.6333     Y=     2.7327     
  Z= -0.7029  Tot=     3.2602 
   
  Oscillator strength, f=     0.1067 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State   7:      
  2.8121 eV       440.89 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-3 =>  LUMO      0.93315 
   HOMO-2 =>  LUMO      0.14865 
   HOMO =>  LUMO        -0.13627 
   HOMO =>  LUMO+2    -0.22726 
   
  Transition dipole moment (debye): 
     X=    -0.9219     Y=     2.5070      
  Z= 1.3477  Tot=     2.9918 
   
  Oscillator strength, f=     0.0955 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State   8:      
  2.9121 eV       425.75 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-3 =>  LUMO+1    -0.97251 
   HOMO =>  LUMO+1        0.12366 
   
  Transition dipole moment (debye): 
     X=     2.9960     Y=    -1.3794      
  Z= -2.0881  Tot=     3.9037 
   
  Oscillator strength, f=     0.1683 
 ----------------------------------------------------- 
  
  Restricted Singlet Excited State   9:      
  3.0516 eV       406.29 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-4 =>  LUMO         0.87380 
   HOMO-2 =>  LUMO         0.10944 
   HOMO-1 =>  LUMO+3     0.15440 
   HOMO =>  LUMO+3        0.34640 
   HOMO =>  LUMO+8        0.17880 
   
  Transition dipole moment (debye): 
     X=     0.1131     Y=    -1.6448      
  Z= -0.8213  Tot=     1.8420 
   
  Oscillator strength, f=     0.0393 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State  10:      
  3.0662 eV       404.36 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-4 =>  LUMO        -0.20097 
   HOMO-4 =>  LUMO+1     0.36901 
   HOMO-3 =>  LUMO        -0.17157 
   HOMO-2 =>  LUMO+1    -0.11474 
   HOM-2 =>  LUMO+2       -0.12831 
   HOMO-1 =>  LUMO+3    -0.21636 
   HOMO =>  LUMO+2       -0.54521 
   HOMO =>  LUMO+3        0.61006 
   
  Transition dipole moment (debye): 
     X=     0.9080     Y=    -1.0501      
  Z= -4.8177  Tot=     5.0138 
   




   
  Restricted Singlet Excited State  11:      
  3.1463 eV       394.07 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-4 =>  LUMO        -0.15607 
   HOMO-4 =>  LUMO+1     0.55664 
   HOMO-3 =>  LUMO         0.14770 
   HOMO-2 =>  LUMO+3     0.11040 
   HOMO =>  LUMO+2        0.71769 
   HOMO =>  LUMO+3        0.23996 
   
  Transition dipole moment (debye): 
     X=    -0.2292     Y=     1.0055      
  Z= 0.5904  Tot=     1.1883 
   
  Oscillator strength, f=     0.0168 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State  12:      
  3.1865 eV       389.09 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-4 =>  LUMO         -0.22673 
   HOMO-4 =>  LUMO+1    -0.67388 
   HOMO-3 =>  LUMO+3     0.11999 
   HOMO-2 =>  LUMO+2    -0.14166 
   HOMO-1 =>  LUMO+2    -0.13592 
   HOMO =>  LUMO+2         0.27069 
   HOMO =>  LUMO+3         0.56441 
   
  Transition dipole moment (debye): 
     X=     0.3806     Y=    -0.1133      
  Z= -4.3029  Tot=     4.3212 
   
  Oscillator strength, f=     0.2256 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State  13:      
  3.2570 eV       380.67 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-8 =>  LUMO         -0.40210 
   HOMO-8 =>  LUMO+1    -0.13459 
   HOMO-7 =>  LUMO          0.12869 
   HOMO-6 =>  LUMO         -0.81393 
   HOMO-6 =>  LUMO+1     -0.27211 
   HOMO-6 =>  LUMO+4      0.14915 
   
  Transition dipole moment (debye): 
     X=     0.0556     Y=     0.0474      
  Z= 0.0852  Tot=     0.1122 
   
  Oscillator strength, f=     0.0002 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State  14:      
  3.2752 eV       378.56 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-9 =>  LUMO         0.92575 
   HOMO-9 =>  LUMO+1     0.27698 
   HOMO-9 =>  LUMO+4     0.16325 
   
  Transition dipole moment (debye): 
     X=     0.0364     Y=     0.0249      
  Z= -0.0173  Tot=     0.0474 
   
  Oscillator strength, f=     0.0000 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State  15:      
  3.2958 eV       376.18 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-8 =>  LUMO+1    -0.16025 
   HOMO-7 =>  LUMO        -0.11026 
   HOMO-7 =>  LUMO+1     0.23884 
   HOMO-6 =>  LUMO+1     0.13668 
   HOMO-5 =>  LUMO         0.37946 
   HOMO-5 =>  LUMO+1    -0.81657 
   HOMO-5 =>  LUMO+5    -0.14134 
   
  Transition dipole moment (debye): 
     X=    -0.0438     Y=     0.0467      
  Z= 0.0496  Tot=     0.0810 
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  Oscillator strength, f=     0.0001 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State  16:      
  3.3055 eV       375.08 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-8 =>  LUMO+1     0.16188 
   HOMO-7 =>  LUMO         -0.38557 
   HOMO-7 =>  LUMO+1     0.83302 
   HOMO-7 =>  LUMO+5    -0.16374 
   HOMO-5 =>  LUMO        -0.10092 
   HOMO-5 =>  LUMO+1     0.21710 
   
  Transition dipole moment (debye): 
     X=     0.0254     Y=     0.0110      
  Z= -0.1581  Tot=     0.1605 
   
  Oscillator strength, f=     0.0003 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State  17:      
  3.3785 eV       366.98 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-12 =>  LUMO       -0.10542 
   HOMO-8 =>  LUMO         -0.12249 
   HOMO-2 =>  LUMO+2    -0.10842 
   HOMO-1 =>  LUMO+2    -0.91387 
   HOMO =>  LUMO+3       -0.14759 
   
  Transition dipole moment (debye): 
     X=     1.0809     Y=     0.2308      
  Z= 2.3346  Tot=     2.5830 
   
  Oscillator strength, f=     0.0855 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State  18:      
  3.4718 eV       357.12 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-17 =>  LUMO       -0.24868 
   HOMO-13 =>  LUMO       -0.10060 
   HOMO-8 =>  LUMO         -0.15141 
   HOMO-2 =>  LUMO+2      0.12172 
   HOMO-1 =>  LUMO+4     -0.12136 
   HOMO =>  LUMO+4        -0.89127 
   HOMO =>  LUMO+5        -0.12917 
   
  Transition dipole moment (debye): 
     X=     0.1941     Y=     0.1249      
  Z= -0.7796  Tot=     0.8131 
   
  Oscillator strength, f=     0.0087 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State  19:      
  3.4812 eV       356.15 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-15 =>  LUMO      -0.18719 
   HOMO-14 =>  LUMO      -0.42611 
   HOMO-14 =>  LUMO+1    -0.11998 
   HOMO-13 =>  LUMO        -0.27666 
   HOMO-12 =>  LUMO        -0.47296 
   HOMO-12 =>  LUMO+1    -0.16443 
   HOMO-11 =>  LUMO         0.52061 
   HOMO-11 =>  LUMO+1     0.15493 
   HOMO-2 =>  LUMO+2      0.13353 
   HOMO-1 =>  LUMO+2      0.11990 
   HOMO =>  LUMO+4         0.13674 
   HOMO =>  LUMO+6         0.12065 
   
  Transition dipole moment (debye): 
     X=     0.0511     Y=    -0.2985      
  Z= -0.9863  Tot=     1.0317 
   
  Oscillator strength, f=     0.0141 
 ----------------------------------------------------- 
   
  Restricted Singlet Excited State  20:      
  3.5085 eV       353.38 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   HOMO-14 =>  LUMO        -0.11901 
   HOMO-14 =>  lUMO+1      0.13464 
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   HOMO-13 =>  LUMO+1     0.15472 
   HOMO-12 =>  LUMO+1    -0.21120 
   HOMO-11 =>  LUMO         0.10589 
   HOMO-10 =>  LUMO         0.25258 
   HOMO-10 =>  LUMO+1   -0.39022 
   HOMO-8 =>  LUMO          0.28078 
   HOMO-8 =>  LUMO+1     -0.13955 
   HOMO-6 =>  LUMO         -0.14087 
   HOMO-5 =>  LUMO         -0.12491 
   HOMO-3 =>  LUMO+3      0.13663 
   HOMO-2 =>  LUMO+2    -0.44246 
   HOMO-1 =>  LUMO+3     0.21585 
   HOMO-1 =>  LUMO+5    -0.10748 
   HOMO =>  LUMO+4       -0.18719 
   HOMO =>  LUMO+5        0.36380 
   
  Transition dipole moment (debye): 
     X=     0.0985     Y=     1.4658      
  Z= 1.6440  Tot=     2.2048 
   




Simulated UV-Vis spectrum of 5HPP shown at 30 nm full width at half maximum. For ease of 
representation, only a limited number of transitions from the list above are selected and labeled. 
 
3.5.6   DFT-Optimized Molecular Structures of the Strain Comparison Molecules 
PPDPb, PPDPa, and 5HPPb 
PPDPb 
B3LYP/6-31G** optimized geometry 
Total energy =  -3583.38178983617 hartrees 
angstroms 
atom               x                 y                 z 
C1            2.2598805513      1.3603290604      0.1812935206 
C2            3.4122529676      0.5789790315      0.0945306698 
C3            4.6720296636      1.2556581675      0.0586297546 
C4            4.7077704088      2.6487375438      0.0380361469 
C5            3.5452071677      3.4306326167      0.0873434689 
C6            2.2844019426      2.7669877221      0.2016791977 
C7            3.3958810283     -0.8866885057      0.0488671190 
C8            4.6386700195     -1.5926674887      0.1052300813 
C9            5.8888567960     -0.8643524407      0.1356623332 
C10           5.9059378272      0.4980596755      0.0540292277 
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C11           3.5941916041      4.8846156191      0.0307814001 
C12           2.4011968376      5.6380971944      0.1261047196 
C13           1.1364305317      4.9735402866      0.2974148909 
C14           1.0706665036      3.5596228206      0.3453175462 
C15           4.8236278295      5.5750513947     -0.1363859946 
C16           4.8830232919      6.9437786916     -0.2075156012 
C17           3.6980530854      7.7225114547     -0.1092835337 
C18           2.4445183278      7.0699651544      0.0619699433 
C19           1.2596962131      7.8592531241      0.1660315770 
C20          -0.0267141504      7.1842087052      0.3598647897 
C21          -0.0569218004      5.7576254469      0.4253265271 
C22          -1.3038376004      5.1013148573      0.6266292120 
C23          -1.3417035271      3.6829908278      0.7068061160 
C24          -0.1922205935      2.9481546224      0.5630426955 
C25          -1.2334693086      7.8859686213      0.4891641585 
C26          -2.4486093606      7.2314422836      0.6824863503 
C27          -2.4932570419      5.8453811663      0.7550677640 
C28           3.7725693164      9.1276752876     -0.1830133307 
C29           2.6093657355      9.8811977430     -0.0865548263 
C30           1.3767245162      9.2543167451      0.0854222252 
C31          -3.7926907666      5.1631592842      0.9688730295 
N32          -3.7710193296      3.7642015608      1.0525639126 
C33          -2.6204180118      2.9666047990      0.9605554444 
C34           6.2038133865      7.5982387520     -0.3925175700 
N35           6.2123009218      8.9959236997     -0.4546067816 
C36           5.0748442494      9.8167428876     -0.3628273931 
O37          -2.6751880475      1.7506659235      1.0830396261 
O38          -4.8506231627      5.7694273662      1.0758629612 
O39           7.2507179814      6.9704471845     -0.4889338730 
O40           5.1653897523     11.0352789237     -0.4295984493 
C41          -5.0629792462      3.1077253354      1.2758604519 
C42           7.5233924047      9.6284724129     -0.6333324946 
C43           2.2279689162     -1.6410279930     -0.0586912522 
C44           2.2210718958     -3.0475403730     -0.0833149626 
C45           3.4640895520     -3.7409727474      0.0473868024 
C46           4.6427239235     -2.9862243594      0.1204697082 
C47           0.9913152356     -3.8098890729     -0.2464523483 
C48           1.0234605432     -5.2252341099     -0.2013554952 
C49           2.2703905593     -5.9200689329     -0.0171479624 
C50           3.4793706827     -5.1959346621      0.0957594266 
C51          -0.2530613900     -3.1659031936     -0.4788576933 
C52          -1.4175703076     -3.8746475107     -0.6377249834 
C53          -1.4145294789     -5.2942928665     -0.5591253972 
C54          -0.1863546652     -5.9806654405     -0.3451241398 
C55          -0.1910336557     -7.4075880211     -0.2822942966 
C56           1.0773489630     -8.1130699250     -0.0795274344 
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C57           2.2792312309     -7.3529459787      0.0401473802 
C58           3.5150432783     -8.0365564136      0.2188401064 
C59           4.7172394654     -7.2869245250      0.3323277115 
C60           4.6905451291     -5.9166503067      0.2703956984 
C61           1.1612988381     -9.5106602677     -0.0070125975 
C62           2.3762002134    -10.1685743855      0.1718904309 
C63           3.5558259389     -9.4436473326      0.2835076808 
C64          -2.6200274184     -6.0097942238     -0.7012863557 
C65          -2.6098435972     -7.3966098303     -0.6287696042 
C66          -1.4128757042     -8.0803326330     -0.4236676197 
C67          -2.6765410311     -3.1289495607     -0.9057474842 
N68          -3.8446963843     -3.8991035616     -1.0103823164 
C69          -3.9004012039     -5.2970683821     -0.9282093072 
C70           4.8395074150    -10.1653395804      0.4677023741 
N71           5.9957938383     -9.3729696467      0.5712911992 
C72           6.0208272085     -7.9746556305      0.5216283216 
O73          -4.9712347731     -5.8780728614     -1.0467552957 
O74          -2.7012736097     -1.9121709633     -1.0290843694 
O75           7.0817425158     -7.3730501019      0.6306141447 
O76           4.8997716788    -11.3862084556      0.5271830822 
C77           7.2898559415    -10.0390886662      0.7520434642 
C78          -5.1185902700     -3.2129100906     -1.2476083917 
O79           7.0446986223     -1.6077013047      0.1725264146 
O80           7.0785010605      1.2140929325      0.0404502641 
C81           7.8991104229      1.0326987215     -1.1268287994 
C82           7.8324466932     -1.4606462286      1.3669980930 
H83           1.3048370253      0.8592102899      0.2435838444 
H84           5.6842806638      3.1091257574      0.0011642720 
H85           5.7607215362      5.0416516809     -0.2229655088 
H86          -0.2935147992      1.8741432509      0.6417918710 
H87          -1.2390657430      8.9673554179      0.4425830046 
H88          -3.3746224133      7.7869912716      0.7818471760 
H89           2.6844972635     10.9613227870     -0.1463593509 
H90           0.4948239308      9.8776426498      0.1582550459 
H91          -4.8919043039      2.0342007774      1.2797980548 
H92          -5.4853320371      3.4313784308      2.2298329079 
H93          -5.7579162000      3.3870001047      0.4817080054 
H94           7.3716203605     10.7045180760     -0.6603931336 
H95           8.1822060881      9.3528690829      0.1928721475 
H96           7.9785096033      9.2803136566     -1.5630214682 
H97           1.2857312957     -1.1181534373     -0.1346823955 
H98           5.6077615425     -3.4686957445      0.1724616058 
H99          -0.3288722708     -2.0891532342     -0.5552842879 
H100          5.6392312214     -5.4063267729      0.3679713907 
H101          0.2657414896    -10.1126304560     -0.0927883411 
H102          2.4245507477    -11.2506294269      0.2246454874 
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H103         -3.5480328412     -7.9294782171     -0.7377234456 
H104         -1.4448909417     -9.1612692095     -0.3775406992 
H105          7.1122257956    -11.1115289519      0.7606783739 
H106          7.9624635533     -9.7661461160     -0.0637432961 
H107          7.7444389511     -9.7172317243      1.6914479147 
H108         -4.9230971155     -2.1435772388     -1.2482973664 
H109         -5.5373705979     -3.5259659487     -2.2066896265 
H110         -5.8286880228     -3.4772602902     -0.4618094584 
H111          8.7512806048      1.7022031055     -0.9998707756 
H112          8.2440587352     -0.0011803340     -1.2120601619 
H113          7.3469099146      1.3116482703     -2.0312993059 
H114          8.1948574289     -0.4350641502      1.4784451938 
H115          7.2477141323     -1.7419764556      2.2500432621 
H116          8.6752550788     -2.1449420605      1.2564685202 
 
PPDPa 
B3LYP/6-31G** optimized geometry 
Total energy = -3354.33983489393 hartrees 
angstroms 
atom               x                 y                 z 
C1            2.2393104037      1.3695645337      0.1298593516 
C2            3.3905808018      0.5812658660      0.0858623426 
C3            4.6541732192      1.2536402053      0.0800503198 
C4            4.6939876124      2.6467550378      0.0764406851 
C5            3.5382079681      3.4380577513      0.0985790450 
C6            2.2708322392      2.7772207944      0.1504586052 
C7            3.3745988638     -0.8879454743      0.0544182241 
C8            4.6221162482     -1.5890307264      0.0778193147 
C9            5.8625673954     -0.8580623608      0.0941979397 
C10           5.8778815086      0.4944709057      0.0833757129 
C11           3.6000114661      4.8920927198      0.0707157385 
C12           2.4083459975      5.6516311901      0.1070743265 
C13           1.1317144036      4.9920060128      0.1921057489 
C14           1.0547819105      3.5772121370      0.2262404904 
C15           4.8417213631      5.5769160353     -0.0022806059 
C16           4.9145354134      6.9458687760     -0.0405448313 
C17           3.7306090145      7.7308977932     -0.0074076972 
C18           2.4648786449      7.0840263559      0.0688831931 
C19           1.2810316908      7.8797894341      0.1066840524 
C20          -0.0194403366      7.2109476909      0.1990390723 
C21          -0.0624457142      5.7837442363      0.2474785922 
C22          -1.3237390941      5.1336558411      0.3547854191 
C23          -1.3754759287      3.7146271627      0.4198934615 
C24          -0.2235761942      2.9710181397      0.3527780664 
C25          -1.2275934136      7.9203987987      0.2467620221 
C26          -2.4569354334      7.2714909780      0.3459986730 
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C27          -2.5144734553      5.8852177412      0.4036351670 
C28           3.8190611465      9.1364815682     -0.0495407481 
C29           2.6568249437      9.8964445518     -0.0166763016 
C30           1.4120151161      9.2749925733      0.0605498303 
C31          -3.8302454392      5.2106406661      0.5155750142 
N32          -3.8238213616      3.8115314908      0.5876766520 
C33          -2.6748172553      3.0061982488      0.5717750038 
C34           6.2495143334      7.5935956428     -0.1179844801 
N35           6.2713696340      8.9917613880     -0.1553415606 
C36           5.1350117896      9.8190680409     -0.1276852775 
O37          -2.7465622732      1.7898436671      0.6757344479 
O38          -4.8890502624      5.8238322806      0.5497247523 
O39           7.2960548096      6.9586530434     -0.1484103414 
O40           5.2370933917     11.0378080042     -0.1658499109 
C41          -5.1332133668      3.1626800489      0.7086922367 
C42           7.5957270829      9.6179500477     -0.2302583791 
C43           2.2069167597     -1.6500804130     -0.0067730857 
C44           2.2054582421     -3.0578067793     -0.0283948164 
C45           3.4569184403     -3.7477665213      0.0363735344 
C46           4.6299057540     -2.9827351825      0.0774031833 
C47           0.9717352744     -3.8292063621     -0.1190843148 
C48           1.0166670964     -5.2453000721     -0.1004216079 
C49           2.2769483336     -5.9346858906     -0.0067682123 
C50           3.4850499284     -5.2032813564      0.0552979023 
C51          -0.2925844627     -3.1939360247     -0.2431488427 
C52          -1.4602621355     -3.9090256415     -0.3294399213 
C53          -1.4402776126     -5.3294601178     -0.2880853720 
C54          -0.1943974600     -6.0084346591     -0.1783814483 
C55          -0.1830273401     -7.4361646045     -0.1502447065 
C56           1.0993324102     -8.1360762499     -0.0496199820 
C57           2.2999210864     -7.3683500363      0.0160172747 
C58           3.5487080230     -8.0453392447      0.1047770287 
C59           4.7496815756     -7.2884843057      0.1674859594 
C60           4.7093229876     -5.9177205596      0.1428742343 
C61           1.1964913756     -9.5341900124     -0.0201744748 
C62           2.4249039046    -10.1854849399      0.0686665787 
C63           3.6035264336     -9.4530414542      0.1306728308 
C64          -2.6478648648     -6.0512428888     -0.3612102116 
C65          -2.6213124717     -7.4389310620     -0.3261372007 
C66          -1.4072659322     -8.1156518831     -0.2237421950 
C67          -2.7414431691     -3.1670236295     -0.4757927300 
N68          -3.9084591508     -3.9446034657     -0.5182046534 
C69          -3.9470997715     -5.3445650327     -0.4739594626 
C70           4.9014816055    -10.1673597135      0.2220196743 
N71           6.0559725243     -9.3672087918      0.2808037298 
C72           6.0675333158     -7.9683898514      0.2615818930 
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O73          -5.0190008640     -5.9326926430     -0.5304376069 
O74          -2.7840228353     -1.9473104728     -0.5543075370 
O75           7.1278727002     -7.3588389715      0.3199472360 
O76           4.9745218708    -11.3885218640      0.2451556123 
C77           7.3633850844    -10.0255855535      0.3713123396 
C78          -5.2010746951     -3.2625539069     -0.6378133148 
H79           1.2786251550      0.8756614303      0.1507783198 
H80           5.6716179869      3.1116977176      0.0593273200 
H81           5.7809779642      5.0413838634     -0.0342087246 
H82          -0.3390110603      1.8967081183      0.4127253560 
H83          -1.2228380636      9.0026403905      0.2082212053 
H84          -3.3848010940      7.8314866420      0.3823725507 
H85           2.7420066612     10.9769024336     -0.0505311360 
H86           0.5307702023      9.9039185779      0.0867436679 
H87          -4.9699618428      2.0879901417      0.7185268675 
H88          -5.6240109822      3.4840055441      1.6300831929 
H89          -5.7645190309      3.4516926896     -0.1336974451 
H90           7.4525782710     10.6953276411     -0.2498397397 
H91           8.1926719220      9.3243050820      0.6357196024 
H92           8.1132304421      9.2819488130     -1.1312675475 
H93           1.2581882233     -1.1342089568     -0.0426633088 
H94           5.5962675705     -3.4701333295      0.1052416102 
H95          -0.3836477607     -2.1162653949     -0.2844352767 
H96           5.6598739591     -5.4043121539      0.1974828525 
H97           0.3012149851    -10.1414993185     -0.0683772535 
H98           2.4847020925    -11.2679237377      0.0896899936 
H99          -3.5605613757     -7.9780281008     -0.3815458201 
H100         -1.4285106207     -9.1975308261     -0.2024636214 
H101          7.1944002715    -11.0993877208      0.3692209489 
H102          7.9842446486     -9.7312739070     -0.4773707102 
H103          7.8698794323     -9.7175418683      1.2884272234 
H104         -5.0123325437     -2.1920492603     -0.6237269799 
H105         -5.6902645200     -3.5527577225     -1.5702868278 
H106         -5.8472100636     -3.5534553135      0.1925511572 
H107          6.7911058357     -1.4217677017      0.1071318725 
H108          6.8190427302      1.0370078981      0.0848507800 
 
 5HPPb 
B3LYP/6-31G** optimized geometry 
Total energy =  -3583.36406802756 hartrees 
angstroms 
atom               x                 y                 z 
C1            0.2230794379      3.4575002304      3.3252731050 
C2           -0.7074600619      2.3803165053      3.4137239584 
C3           -1.8425784290      2.5041421581      4.2611978348 
C4           -2.0788959710      3.6987486123      4.9670207894 
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C5           -1.1880769068      4.7585871742      4.8375895284 
C6           -0.0550967433      4.6339039835      4.0366300681 
C7           -0.5166206706      1.1706623001      2.6747686431 
C8           -1.4107361173      0.0868283765      2.8308097745 
C9           -2.5135561233      0.2362913540      3.7159087352 
C10          -2.7366757665      1.4056911315      4.3970124116 
C11          -3.9258990856      1.5103104366      5.2804757568 
N12          -4.1114507346      2.7256753982      5.9482766376 
C13          -3.2639607995      3.8431320253      5.8473400876 
C14           1.4419361912      3.2730766145      2.5356045410 
C15           1.6243759289      2.0544318103      1.8169820508 
C16           0.6232058073      1.0293788731      1.8212443419 
C17           2.4599678948      4.2367869919      2.4776292034 
C18           3.6378098777      4.0215763363      1.7667320135 
C19           3.8365558309      2.8269571804      1.0835337337 
C20           2.8301474127      1.8443284288      1.0944949157 
C21           3.0257131794      0.6090331413      0.4137350819 
C22           2.0314730359     -0.3347122588      0.3770411431 
C23           0.7771374161     -0.1322754747      1.0245551449 
C24           5.1133448328      2.5903550136      0.3698988179 
N25           5.2730274894      1.3413195300     -0.2474592880 
C26           4.3145802010      0.3154002691     -0.2633614528 
C27          -5.2910689567      2.8143146164      6.8151628247 
C28           6.5566456836      1.1129737333     -0.9179040192 
O29           6.0107357959      3.4211490273      0.3168287135 
O30           4.5385792204     -0.7534796650     -0.8152290754 
O31          -4.7216266773      0.5931926490      5.4365358287 
O32          -3.5002369787      4.8754823228      6.4596991706 
C33          -0.2577689789     -1.1554509390      1.0170241100 
C34          -1.2195102164     -1.1263910965      2.0631970949 
C35          -0.2838963026     -2.2620920320      0.0863737488 
C36          -0.9168494244     -3.4587420674      0.4967389044 
C37          -1.7351185768     -3.4630370151      1.6568677535 
C38          -1.9555026567     -2.3091424797      2.3557365083 
C39           0.2053267217     -2.2128039074     -1.2856235310 
C40           0.3766400820     -3.4325137480     -2.0169939294 
C41          -0.0354779058     -4.6792119510     -1.4300286445 
C42          -0.7539849518     -4.6739273251     -0.2639191586 
C43           0.3900301006     -1.0149645272     -1.9865467015 
C44           0.8102044855     -0.9648107508     -3.3203672617 
C45           1.1101653498     -2.1915324724     -3.9951732629 
C46           0.8667104910     -3.3944138538     -3.3260169686 
H47          -1.3901398940      5.6747120984      5.3814297092 
H48           0.6217708412      5.4766992303      3.9760603481 
H49          -3.2366637964     -0.5563823862      3.8547609334 
H50           2.3485732119      5.1732282835      3.0093741895 
140 
 
H51           4.4220503844      4.7701471832      1.7425383698 
H52           2.2443380275     -1.2624259094     -0.1346174790 
H53          -5.2957728946      3.8022673133      7.2685676492 
H54          -6.1968583822      2.6575081796      6.2255209464 
H55          -5.2446373868      2.0380345957      7.5818183719 
H56           7.3718604430      1.2012658293     -0.1964573189 
H57           6.5328760980      0.1148055019     -1.3477125574 
H58           6.7063671790      1.8650439603     -1.6952541342 
H59          -2.2142416012     -4.3902790602      1.9459009870 
H60          -2.6446059234     -2.3244626547      3.1907031215 
H61           0.9934617097     -4.3440964736     -3.8258990774 
C62           1.3297371827      0.3052162356     -5.3949310899 
C63           0.9139952488      0.2958358083     -4.0430079112 
C64           0.5783818614      1.5288653923     -3.4254533148 
C65           0.6260736311      2.7175616315     -4.1092597968 
H66           0.2614818044      1.5778318025     -2.3927281630 
C67           1.0308092125      2.7507446091     -5.4707443896 
C68           1.3976180743      1.5386597996     -6.1210908936 
C69           1.8171749081      1.5811087346     -7.4853529480 
C70           1.8357398562      2.8204035038     -8.1395836801 
C71           1.4649639176      3.9995695970     -7.4952554129 
C72           1.0650030429      3.9765933409     -6.1652506612 
H73           2.1426858497      2.8812515225     -9.1765289736 
H74           1.4823130554      4.9507058805     -8.0157601313 
C75           1.6902686883     -0.9245738192     -6.0527917128 
C76           1.6022612127     -2.1555324734     -5.3645141397 
C77           2.0027408269     -3.3413214850     -6.0326231531 
C78           2.4504144578     -3.3269133377     -7.3300192613 
H79           1.9799274453     -4.3001735249     -5.5322894898 
C80           2.5207636154     -2.1041215626     -8.0515336844 
C81           2.1397234318     -0.8903140156     -7.4127444605 
C82           2.2124423814      0.3328821892     -8.1456232605 
C83           2.6611456058      0.2903524930     -9.4724137602 
C84           3.0345387070     -0.9036736367    -10.0868755548 
C85           2.9691390950     -2.1009600987     -9.3872029209 
H86           2.7287845643      1.2029432055    -10.0507407589 
H87           3.3815111434     -0.9206499848    -11.1141357342 
C88           0.2410979113      3.9671870676     -3.4048435316 
N89           0.2849633982      5.1499427665     -4.1504365547 
C90           0.6750418768      5.2438920300     -5.4982284930 
C91          -0.1104227416      6.3738678580     -3.4464089866 
O92           0.6876078546      6.3200252339     -6.0806621040 
O93          -0.1053394445      3.9900516912     -2.2301705770 
C94           3.3745925138     -3.3623284878    -10.0521890312 
N95           3.2952595359     -4.5375424640     -9.2916078167 
C96           2.8585266020     -4.6104092348     -7.9607471518 
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C97           3.7087332287     -5.7730373334     -9.9648007081 
O98           3.7667638493     -3.4063484248    -11.2108173668 
O99           2.8177985481     -5.6770770299     -7.3612404459 
H100         -0.0408284128      7.1988970301     -4.1508578697 
H101         -1.1313128187      6.2706465632     -3.0726296767 
H102          0.5504323302      6.5402934840     -2.5929744612 
H103          3.5960501292     -6.5897159163     -9.2562593597 
H104          3.0868689170     -5.9397418530    -10.8467958569 
H105          4.7473987360     -5.6865566722    -10.2906736266 
H106          0.1579933337     -0.0957200376     -1.4722493786 
O107         -1.2839211423     -5.8220683618      0.2735656863 
C108         -2.3026207952     -6.4648995882     -0.5115526792 
O109          0.1932248527     -5.8291659345     -2.1449723171 
C110          1.0679812265     -6.7765217467     -1.5076171191 
H111         -3.1500087886     -5.7878103399     -0.6689387054 
H112         -1.9121486703     -6.7938820201     -1.4779591466 
H113         -2.6298058194     -7.3271389560      0.0719667542 
H114          0.6450925066     -7.1317006273     -0.5635910986 
H115          1.1709669324     -7.6076337928     -2.2068208897 
H116          2.0509261432     -6.3282464394     -1.3254584339 
 
 
3.5.7   Single-crystal X-ray Diffraction Data of PPDHb 
Chemical formula C123H132.49F3N4O10 
Formula weight 1883.80 
Space group P–1 
a (Å) 16.0325 (18) 
b (Å) 17.229 (2) 
c (Å) 19.872 (2) 
 (deg) 68.409 (11) 
 (deg) 77.534 (10) 
 (deg) 82.32 (1) 
V (Å
3




 (mm-1) 0.658 





) 0.166 (0.471) 
Reflections 12134 
Radiation type Cu K 
a
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